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Fast purinergic neurotransmission has recently been shown to he mediated through

ionotropic P2X: receptors activated by extracellular adenosine 51-triphosphate (ATP).

ATP-sensitive P2X:proteins constitute anovel thirdgene superfamilyofligand-gatedion

channels based upon unique structural motifs. Although mammaHan ATP-gated re

combinant P2X proteins have been characterized extensively using various experimen

tal methodologies such as functional studies in heterologous expression systems, yet,

P2X proteinmapping within central nervous system (CNS), P2X channel subunit compo

sition pertaining to relevant native reœptor phenotypes, and species-specific differen

ces between mammalian P2X orthologs remain ta be investigated.

The first JDanuscript (Lê et al., 1998a) reported the regional, cellular, and subcellular

locallzation of P2}4 gene product within adult rat brain and spinal cord structures.

P2X.( receptors were shown to he widely expressed on the postsynaptic side throughout

the CNS. Further, this P2K subunit was also.observed in the present study ta he ex

pressed selectively on the presynaptic side within various central sensory pathways

such as the olfactory bulb and the substantia gelatinosa within the dorsal horn of the

spinal cord. Thus, these results were corroborated to ATP-elicited ionotropic P2X. res

ponses involved in widespread central postsynaptic as weil as presynaptic signaling.

The second manuscript (Lê et al., 1998b) documented a novel P2X. receptor phenotype

resulting from the heteropolymerization between major central P2}4 and P2~ sub

units. P2~ heteromultimeric channel phenotypes were characterized by distinct

time-dependent protein expression levels and novel pharmacological profiles compared

toP~homo-oligomers, while P2Xa expressed alone fromXenoprm laevis oocytes did not

respond ta ATP applications. Moreover, subunit-specific interaction between P2Xt and
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P2Xt; isoforms were directly demonstrated through chromatography-based co

purification assays thereby further strengthening observed in vitro P2Xt..6 pharma

cological phenotyPes.

The tbird manuscript (Lê et al., 1999) was undertaken based upon similar reasoning

as well as experimental strategies as theP~ study (Lê et al., 1998b). Namely, the

existence ofheteromultimeric P2X1+5 receptors were screened with functional as well as

biochemical assays demonstrating that this oligomeric complex gave rise to hybrid

properties between homopolymeric P2Xl and P2Xo subunits. More specificalIy, P2X1+5

manneIs displayed a P2X1-subtype pharmacology by being highly sensitive to a~mATP

applications. On the other hand, P2Xl+5 complexes gave rise ta non-desensitizing

channel kinetics, similar to homo-oligomeric P2Xs subunits, in response to low

• micromolar ranges of a~mATP applications. Reciprocal co-purifications between

interacting P2X1 and P2Xs subunits were aIso demonstrated in this study.

The fourth manuscript (Lê et al., 1997) reported the molecular cloning of the human

ortholog ChP2X5R) of rP2Xs subunit, which is being the most rare ttanscript among an

reported rat Pme cDNAs to date. hP2XsR subunit was found ta he a 422 amino acid-Iong

protein and having 62% homology ta rP2Xs receptors. Although most ATP-gated P2K

•

channel structural motifs were found in the hP2XsR primary sequence, yet, this protein

was determined to have onlyone transmembrane domain.. As opposed to rP2Xs restric

ted spinal card distribution patterns, hP2XsR mRNAs were found to be transcribed

withinvarious brain loci in addition ta the immune system.. hP2XsR was shown to dis

play two splicing variants, but lacked a conserved domain in the pre-M2 regi.on. Finally,

hP2XsR-injectedXenopuslaevis oocytes did not respond to ATP applications.
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These four manu.scripts were selected, among other projects~ ta constitute the core of

the present Ph.D. Thesis. Taken altogether~these studies used a multidisci.pIinary ap

proach, nameIy, combinations ofmolecular biology~œil culture and protein chemistry

techniques, as weIl as electrophysiological recordings. In an effort to contribute ta a

better assessment ofthe physiological roles offast purinergic synaptic signaling (Lê et

al., 1998a) mediated likelyby native receptors generated hy heteromultimerization (Lê

et al.~ 1998b; Lê et al., 1999) while keeping in mind that species-dependent differences

between mammalian P2X: orthologs (Lê et al., 1997) should he taken into account when

ever rodent systems wouldhe used for drug screening studies.
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il a été démontré récemment que la neurotransmission purinergique rapide est médiée

par les récepteurs P2Xionotropiques activés par l'adénosine 5'-triphosphate (ATP) ex

tracellulaire. Basés sur des motifs structuraux uniques, les récepteurs P2K constituent

une troisième grande famille génétique de canaux ioniques activés par un ligandextra

cellulaire. Malgré le fait que la caractérisation des récepteurs P2K recombinants a été

menée de façon extensive en utilisant divers systèmes d'expressions hétérologues, la

distributionin situ des protéines P2K dans le système nerveux centrale (SNe); la compo

sition en"sous-unités des récepteurs P2K correspondant aux différents phénotypes na

tifs; et la différence entre les orthologues P2K des divers espèces mammifères restent à

déterminer.

Le premier manuscrit (Lê et al., 1998a) a rapporté la distribution de la protéinep~

au niveau régional, cellulaire, et sub-cellulaire dans divers structures du cerveau et

colonne vertébrale. Nous avons démontré que la sous-unitép~ est présente dans la

plupart des régions du SNe du côté post-synaptique chez le rat adulte. Les récepteurs

qui contiennent P2X4 sont exprimés de façon sélective du côté pré-synaptique dans

divers systèmes sensoriels centraux, notamment, dans le bulbe olfactif ainsi que la

corne dorsale de la moêlle épinière. Ces résultats corroborrent, donc, les réponses

ionotropiques de type P2K observées à la fois du côté post- et pré-synaptiques dans

diverses préparations natives.

Le deuxième manuscrit (Lê et al., 1998b) a documenté un nouveau phénotyPe P2K

hétéromultimérique composé des deux sous-unités centrales P2J4 et P2~. Nous avons

caractérisé le phénotype hétéropolymérique P2Xw.s par son profil temporel d'expres

sion et par ses propriétés pharmacologiques distinctes par rapport aux récepteurs
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homo-oligomériques P2X.4. La sous-unitéP~ exprimée seule dans les ovocytes de

Xerwpus laevis ne répond pas aux applications d'ATP. De plus, les interactions

spécifiques entrep~ et P2Xt; ont été confirmées directement en utilisant une procé

dure de co-purificationpar l'entremise des principes de la chromatographie d'affinité.

Nous avons réalisé le troisième projet (Lê ~ al., 1999) en nous basant sur les mêmes

raisonnements a:i:nsi que sur les mêmes procédures expérimentales que celui du projet

portant sur le phénotype hétéromultimérique du P2Xw.6 (Lê ~ al., 1998b). En occu

rence, l'existence du phénotype hétéro-oligomérique P2X1+5 a été déterminée fonction

nellement par l'étnergence de propriétés hybrides ainsi que biochimiquement par l'asso

ciationréciproque entre les sous-unités P2X1 et P2Xo. Nous montrons que la pharma

cologie dù P2X1+5 est comerrée par la présence de la sous-unité P2X1, tandis que la

cinétique du complexe hétéro-oligomérique provient de la contribution de la sous-unité

P2Xs.

Dans le quatrième manuscrit (Lê ~ al., 1997) nous avons rapporté le clonage

moléculaire de la sous-unité P2Xs humaine CbP2X5iV. Nous prédisons que la sous-unité

hP2XsR est une protéine membranaire de 422 résidus qui a 60% d'homologie avec la

séquence de la sous-unité P2Xo de rat (rP2Xs). Malgré le fait que la structure primaire

de hP2XsR possède la plupart des motifs structuraux typiques des sous-unités de type

P2)(, la topologie de hP2XsR révèle seulement un domaine transmembranaire. Cette

singularité explique pourquoi cette sous-unité n'est pas fonctionelle sous forme

homomultimérique. A l'opposé de rP2Xs qui présente une distribution restreinte aux

neurones sensoriels et spinaux, hP2XsR est transcrit à haut niveau dans plusieurs

régions du cerveau ainsi que dans le système immunitaire.
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Dans son ensemble, ces quatre manuscrits ont pour objectifs de contribuer à l'avance

ment des connaissances sur les rôles physiologiques que peuvent avoir les récepteurs

P2K dans les phénomènes de la transmission synaptique. En utilisant une approche

multidisciplinaire, enoœurrence, labiologie moléculaire, laculture cellulaire et la chimie

des protéines, ainsi que l'électrophysiologie nous avons fait l'effort de documenter la

distribution protéique dans le SNe (Lê et al., 1998a), la composition des sous-unités à

l'intérieur des phénotypes hétéromultimériques (Lê et al., 1998b; Lê et al., 1999), et

ainsi que les variabilités entre espèces au niveau de la structure primaire et de la

fonction (Lê et al., 1997).
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Cell to celI information transfers within the nervous system occur at relay stations

known as neuro-neuronal and neuro-èffector synapses and cel1junctions. Intercellular

transmission is mediated predominantly by chemical synapses, namely, 90% neuro

transrnitter-medi.ated versus 10% electrical. Pre- and/or postsynaptic ligand-activated

integral membrane proteinslneurotransmitter receptors are either ionotropic (fast

acting) or metabotropic (slow-acting) reœptors. Ionotropic receptors can he subdivided

into excitatory cation-selective and inhibitory (anion-selective) neurotraDsmitter-gated

ionchannels.

Briefly, synaptic membrane depolarization and hyperpolarization are mediated by fast

acting ligand-gated cation and anion chsnnels, respectively. Presynaptic membrane

depolarization leads to calcium-dependent synaptic vesicle exocytosis and neurottans

mitter release into synaptic clefts. Further, activation of postsynaptic ligand-gated

cation chsDnels by varions released neurotransmitters leads to membrane depola

rization, also known. as excitatory postsynaptic potentials (EPSPs), and sequential

action potential appearances within postsynaptic cells. On the other hand, neuro

traDsmitter-gated anion ChSDDe1s lead generally to converse effects, namely, inhibitory

postsynaptic potentials (lPSPs).

Formerly, fast-acting ligand-gated ion cbannels were thought to be comprised of two

gene superfamilies based upon unique structural motifs. More specifica1ly, the nicotinic

acetylcholine (cation-selective) receptor superfamilies also encompasses serotonin

(cation-selective), GABA- (anion-selective), and glycine-gated (anion-selective). These
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ion manDels have been shown to be characterized by four transmembrane domains

within each polypeptide which then co-assemble into five subunits or pentameric

quaternaryprotein structures (Green and Millar, 1995; MacKinnon, 1995; references

therein).

On the other band, glutamate-gated ion channels comprise three subtypes known as

NMDA, AMPA, and kainate receptors thought to display three transmembrane

domains and a re-entrant loop within each isoform. (MacKinnon, 1995; references

therein) which interacts then with three or four other subunits forming, thus,

tetrameric (Laube et al., 1998; Rosenmund et al., 1998) or pentameric quaternary

complexes (Ferrer-Montie! andMontal, 1996), respectively. The latter issue remains a

controversy (Laube et al., 1998; references therein).

Recently, in nineteen ninety four, a third gene superfamily encoding ATP-gated

channels or P2X: receptors mediating fast excitatory neurotransmission has emerged.

That was the demonstration that excitatory neuronal networks do use another

ionotropic neurotransmitter system in addition to major glutamatergic pathways. P2X

receptors mediate a fast excïtatory synaptic signaling component, formely identified as

a non-adrenergic and non-cholinergie (NANC) response by Burnstock (1972). These

cation channels are characterized by a distinct transmembrane topology with respect

to the other two gene superfamilies previously mentioned (nicotinic and excitatory

amino acid receptor superfamilies) as well as being gated by extracellular nucleotides.

Accordingly, the present chapter will introduce ta the readership an overview pertain;ng

to varions aspects of the molecular biology of ATP-gated P2K channeIs with a strong

emphasis towards the centraI. nervous system CCNS)•



• MCGILL UNIVERSITY

1.2 INTRODUCTION OVERVIEW

5

•

•

Brietly, the present overview of the literature within various research fields of ATP

gated P:zx: ionchanne1s basbeen subdivided into five main sections (1.3 to 1.7) including

a section on c1assical pharmacological work [historical perspectives (1.3)]; a section on

recent molecular characterization ofATP receptors [molecular biology (1.4)]; a section

on possible pathophysiological scenarios involving P:zx: reœptors [pathophysiological

correlates (1.5)] leading to future potential drug therapies targeting ATP-gated ion

cbannels [therapeutical implications (1.6)] despite current limitation in terms of

physiological importance of fast-acting purinergic neurotransmission phenomena

[introduction summary (1.7)], especiallywitbin mast supraspinal structures thought to

have structure-function correlates.

1.3 HISTORICAL PERSPECTIVES

Potent purinergic responses in cardiovascular systems, mainly mediated by adenosine,

including bradycardia and coronary vasodilatation as weIl as systemic blood. pressure

lowering effects have been reported for seven decades (Drury and Szent-Gyôrgyi, 1929).

Yet, experimental observations demonstrating that ATP was released from sensory

nerves, thereby, suggesting for the first time the existence of purinergic neuro

transmission pathways have come much later (Holton and Rolton, 1954). Rereafter,

the present section has been further subdivided into pharmacological classification

(1.3.1), native response (1.3.2), autoradiographie binding data (1.3.3), ATP releasing site

(1.3.4), and ATPase-mediated ATP catabolism (1.3.5) as weIl as pharmacologïcaIly

based nomenclature limitation (1.3.6).
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Although the possibility ofATP being a neurotrangmi:tter bas been met with resistance

due to the paucity of specifie antagonists, the existence of ATP-gated ionotropie

eomponents (purinoeeptors) postulated by Burnstock (1972), were being gradually

accepted. Adenosine effects and ATP responses were pharmacologically differentiated

and their corresponding receptors designated as Pl and P2 reeeptors, respectively

(Burnstock, 1978).

ATP or P2 receptors were then subsequently subclassified into P2Y (G-protein-coupled)

receptors and P2K ion channels (Burnstock and Kennedy, 1985). These purinergic

receptor categories were attributed based upon severaI pharmacologieal endpoints. Pl

receptors were observed to be elicited by adenosine and its analogs as weIl as

antagonized. by methylxanthines sucb as caffeine and theophyIline (Burnstock, 1978).

On the other band, due ta the lack of specifie P2 antagonists, P2Y reeeptors and P2X

channels were differentiated based upon relative potency ratio between ATP and its

analogs. In other words, 2MeSATP was reported to be more potent than ATP in

activating P2Y receptors (Burnstock and Kennedy, 1985). On the other band., a~mATP

was found ta he more potent than ATP in gating ionotropic P2K cbanDels (Burnstock

and Kennedy, 1985). It should he noted, however, that this method of pharmacological

identificationfor discriminating P2Y from P2X receptors will have to he reassessed with

the advent oftheir molecular cloning studies coupled to in vitro pharmacological assays.

The latter issue will be addressed in the upeoming section (1.4) pertaining to the

molecular biology of P2K receptors and their functional characterization from varions

heterologous expression systems.
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Once ATP had been shown to be a bona (ide neurotransmitter based upon compelling

experimental observations (Dalziel and Westfall, 1994; Fredholm. et al., 1994; refe

rences therein), ATP~licitedionotropic responses have been documented from various

native electrophysiological recording preparations involving neuro-neuronal synapses

includingbrain, spinalcom, andperipheral sensory ganglion neurons (Brake and Julius,

1996; references therein) by using the nomenclature scheme briefly elaborated above

(Burnstock and Kennedy, 1985).

Ionotropic responses elicited by extracellular ATP and/or various ATP analogs have

been reported from neuro-neuronal synapses within various brain structures Œdwards

et al., 1992; Mateo et al., 1998; Ross et al., 1998). For example, a~mA.TP~licited

ionotropie responses from a cholinergie pathway, namely, medial habenular neurons,

constituted one of the first reports pertaining to a P2K current phenotype observed

within the brain Œdwards et al., 1992). In th.is instance and contrary to a~mATP,ATP

could not give rise to any responses under identical experimental conditions. This could

be explained by the faet that extracellular ATP might be proned ta degradation

mediated by membrane-bound ecto-ATPases (North, 1996; references therein).

Further, media! habenular neurons gave rise to moderately desensitizing currents in

response to 300 J1M a~mATP applications that were sensitive to suramin (10-30~

blockade (Edwards et al., 1992). Other P2K ionotropie responses have also been

observed within various brain preparations, notably, cerebral. cortex œhillis et al., 1975;

Philliset al., 1979), hypothalamus (Chen et al., 1994), locus coeruleus (Harms et al.,

1992; Tschôpl et al., 1992; Shen and North, 1993; Frôhlich et al., 1996), media!
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vestibular (Chessel et al., 1997) and mesencephalic nuclei (Kbakh et al., 1997).

Although P2K responses have been shown to be widespread throughout the brain, yet,

pathophysiological implications and/or contexts pertaining to central ATP-gated

ionotropic signaling remain unclear. Nevertheless, both hippocam.pus (Wierasko and

Ehrlich, 1994; Balachandran and Bennett, 1996; Ross et al., 1998) and cerebellum.

structures (Mateo et al., 1998) where long-term potentiation (LTP) and long-term

depression (LTD) forms of synaptic plasticity occur, display ATP-elicited fast-acting

responses.

As opposed ta aforementioned supraspinal sites, P2K responses recorded from spinal

cord preparations have been relatively less abundant. Nevertheless, available docu

mentation bas been concentrated upon studies pertaiDing to P2K phenotypes observed

mostly from the dorsal horn of the spinal cord (Jahr and Jessell, 1983; Fyffe and Perl,

1984; Salter and Henry, 1985; Salter and Hicks, 1994; Li and Perl, 1995; Bardoni et izl.,

1997; Jo and Schlichter, 1999). Interestingly, within these anatomicalloci of the spinal

cord, notably, the substantia gelatinosa bas been shawn ta he excited by multimodal

sensory ganglion neuron central terminaIs (Fyffe and Perl, 1984). Indeed., ATP has been

observed to elicit intracellular calcium increments (Salter and Hicks, 1994) and

modulate (Li and Perl, 1995) ormediate (Jahr andJessell, 1983; Bardoniel al., 1997; Jo

and. Schlichter, 1999) synaptic transmission within the dorsal horn ofthe spinal cord.

Similarly, ATP is thought ta produce different effects upon nociceptive vis-à-vis non

nociceptive pathways within the dorsal spinal cord (Salter and Henry, 1985); more

specifically, non-nociceptive neurons responsive to ATP have been shown to cor

respond ta m.echanoreceptive units (Fyffe and Perl, 1984).
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Various sensory ganglion ceTIs have been shown. to display fast-acting ATP-gated P2K

phenotypes (Krishtal et al., 1983; Krishtal et al., 1988; Bean, 1990; Bean et al., 1990; Li

et al., 1993). More specifical1y, nodose ganglion neurons have been shown displaying

ionotropic responses typical ofP2){ receptors (Khakh et al., 1995; Lewis et al., 1995; Li et

al., 1996; Thomas et al., 1998). Similarly, trigeminal ganglia have also been

documented to express fast-acting ATP-elicited responses (Cook et al., 1997; Khakh et

al., 1997). On the sarne token, dorsal root ganglia (DRG) have been demonstrated to

give rise to synaptic transmission mediated., presumably, by P:oc ion chaDDels CKrishtal

et al., 1983; Krishtal et al., 1988; Bean, 1990; Robertson et al., 1996; Gu and Mae

Dermott, 1997). Peripheral sensory P2K responses are thought to contribute to noci

ception (Burnstoc~1996;Cook et al., 1997) as weIl as proprioception signaling events

(Fyffe and Perl, 1984; Khakh et al., 1997). In retrospect, al1 P:oc ionotropie responses

recorded from brain, spinal coro, and peripheral sensory ganglion neurons were either

acti.vated by a~mATP and/or blocked by suramin. In faet, suramin and/or PPADS

insensitive ATP-activated P2K phenotypes have not been docum.ented so far inneurons

(Barnardet al., 1997).

1.3.3 AUTORADIOGRAPWC BINDING DATA

Tritiated atlmATP ([3H]a~mATP) had been shown to bind preferentially to P2K

receptors from various peripheral tissues sucb as rat bladder (Bo and Bumstock, 1990)

and vas deferens (Do et al., 1992). Corroborating a~mATP-sensitiveP2K ionotropie

responses recorded from various central neurons, autoradiographie binding studies

using radiolabeled. [aH]a~mATPhave documented widespread. a~mATPbinding site

distnôution patterns within bathbrain and spinal corel (Michel and Humphrey, 1993; Bo
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and Burnstock, 1994; Balcar et al., 1995) as well as various peripheral tissues (Michel

and Humphrey, 1993). For instance, [3H]a~mATP binding sites observed within

various brain regions included striatum., cerebral cortex, cerebellum., and hippocampus

(Michel and Humphrey, 1993). These results were subsequently further extended to

include many more brain structures as weIl as spinal cord loci (Bo and Burnstock,

1994). In addition, high-affinity a~mATP binding sites were detected in peripheraI.

tissues in the spleen, heart, and liver (Michel and Humphrey, 1993). Furthermore,

[3H]a~mATP bas been observed to he displaced by suramin and RB-2 (Michel and

Humphrey, 1993) as weIl as PPADS (Bo and Burnsto~ 1994) thereby in agreement

with most P2 antagonist-sensitive native electrophysiologieal recordings from central

as weIl as peripheral. preparations.

1.3.4 ATP RELEAsING SITE

Extracellular ATP could potentially come from three modalities CBoarder and Hourani,

1998), depending upon the homeostasis state of living organisms or systems under

investigation. First, cytosolic ATP can he transported ta the extracellular milieu

through specifie transmembrane transporter proteins from varions tissues such as

smooth muscle and underlying cell wall within the vascular system (Boarder and

Rourani, 1998). Since cytosolic ATP is an abundant source of energy, therefore, under

stressful and/or traumatic conditions leading to cell membrane damage, lytic ATP

constitutes the second source ofextracellular nucleotides. Third. and most importantly

to neurotransrnission phenomena, ATP has been demonstrated to be synapticaIly

released alone or co-releasedwith other neurotransmitters within cholinergie (Dowdall et

al., 1974; Unsworth and Johnson, 1990; Fu and Poo, 1991; Sperlagh and Vizi., 1991; Sun
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and Stanley, 1996), noradrenergic (Sperlagh and Vizi, 1991), and glutamatergic (Gu and

MacDermott, 1997) as weIl as GABAergic synapses (Jo and Schlichter, 1999).

1.3.5 ATP,ASE-MEDIATED ATP CATABOLISM:

ATP released into synaptic clefts is dephosphorylated into ADP by membrane-bound

ecto-ATPases (Stout and Kirley, 1996) and/or AMP via membrane-anchored ecto-ATP

diphosphorylases (also known as ectoapyrases) (Kegel et al., 1997) terminating ATP

responses. AMP would then be hydrolyzed into adenosine as the final ATP metabolite

by surface ecto-5'-nucleotidases (Zimmermann, 1992; references therein). Interes

tingly, these membrane-associated hydrolyzing enzymes have been shown to be as

ubiquitously expressed as nucleotide receptors CKegel et al., 1997) such as P2X ion

channels. Similarly, these proteins display similar structural motifs to those of P2X

receptors. More speci.fica1ly, these enzymes have two transmembrane domains con

nected by a large extracellular loop while having both N- and C-termini on the

intracellularsideCKegelet al., 1997). It is interesting te note that these ecto-ATPases

aIso display ten cysteine residues in their extracellular domain (Kegel et al., 1997).

Based upon these observations, it is tempting to speculate th.at P2X and ecto-ATPase

subunits might associate into quaternary complexes integrating both signaling and

termination components.

1.3.6 NOMENCLATURE LIMITATION

Taken altogether (sections 1.3.1 to 1.3.5 inclusively), a cautionary note should be

raised. Severa! studies (before 1994) thought to characterize P2Y receptors based upon
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pharmacologîcai criteria (Burnstock and Kennedy, 1985) have turned out, in hindsight,

to correspond in fact to fast-acting P2X responses within various brain structures CUeno

et al., 1992; Shen and North, 1993). SimjJarly, recent evidence have strongly suggested

that a~mATPmight have a significant affinity for membrane-bound ecto-ATPases

besides P2K reœptors, thus, making autoradiographie binding data difficult to interpret

(see review byNo~ 1996).

1.4 MOLECULAR BIOLOGY

Expression and molecular cloning assays have unravelled a third family of ligand-gated

ion channel having novel molecular structural motifs as well as distinctive trans

membrane protein topologies compared to nicotinic acetylcholine receptor and/or gluta

mate-gated channel gene families. Briefly, the present section bas been subdivided into

six sub-sections pertajnjng to molecular structures (1.4.1), transcription patterns

(1.4.2), protein mapping profiles (1.4.3), functional characteristics (1.4.4), and

biophysical properties (1.4.5) as well as human orthologs (1.4.6) of rodent ATP-gated

P2Xion channel suhunits.

1.4.1 MOLECULAR STRUCTURES

ATP-gated P2Xl CValera et al., 1994) and P2X2 (Brake et al., 1994) ionotropic channel

subunits were the first two cloned P2X receptors tbanks to the use ofexpression cloning

assays in Xenopus laevis oocytes starting from rat vas deferens poly(A)+ RNAs CValera

et al., 1994) and from PC12 ceU poly(A+) RNAs CBrake et al., 1994). The primary

structures of P2X1 and P2X2 receptors were predicted to code for 399 (Valera et al..,
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1994) and 472 amino acids CBrake et aL, 1994), respectively. Ten extracellular cysteine

residues are conserved between these two proteins CBrake et al., 1994; Valera et al.,

1994); P2X1 as weIl as P2X2 possess severaI. potential N-linked glycosylation sites

within their respective hydrophilic extracellular loop, which is connected by two

membrane-spanning domains. In the absence of a signal peptide, both N- and C

termini are located on the intracellular side (Brake et al., 1994; Valera et al., 1994;

Torres et al., 1998a). These P2X isoforms were found to have a short extracellular

sequence simjJar to a motifconferring ATP-binding capacity (WaIker et al., 1982; Brake

et al., 1994; Valera et al., 1994) and aIso a sequence, preceding the second transmem

brane domain, similar to H5 or P-loops found in voltage-activated or inward-rectifier

potassium channels CMacKinnon, 1995); the intracellular N -terminal domain of

respective P2X1 and P2X2 channels contains conserved consensus PKC phospho

rylation sites CBrake et al., 1994; Valera et al., 1994), while the longer intracellular C

terminus of P2X2 receptors aIso contained potential PKC and PKA phosphorylation

sites as weil as SH3 binding domajns (Brake et al., 1994).

Other members of the P2K gene family were identified by homology cloning metho

dologiesbased UponP2Xl and P2X2 sequences. Namely, P2Xa from sensory neurons

with 397 amino acids (Chen et al., 1995; Lewis et al., 1995); P2X4 from brain at 388

residues (Bo et al., 1995; BueIl el al., 1996a; Séguéla et al., 1996; Soto et al., 1996a;

Wang et al., 1996); P2Xo from the heart consisting of455 amino acids (Collo et al., 1996;

Garcia-Gnzman et al., 1996); and P2XE; from brain being the shortest protein of the

familyat 379 residues (Colla «al., 1996; Soto « al., 199Gb); on the other hand P2X7

cDNA isolated from brain encodes the longest subunit with 595 amino acids (Surpre

nant «al., 1996). AIl these P2X isoforms contained the specific sequence motifs found



•
TUOCKIÊ 14

•

•

in P2Xl and P2X2 mannels, notably, ten conserved cysteine, twelve glycine, and six

lysine residues believed to be involved in protein structure stabilization as weil as

presumably forming folding motiffor ATP binding in the extracellular domain (BueIl et

al., 1996b).

L4.2 TRANSCRIPTION PATrERNS

Based upon in situ hybridization resu1ts, Northern blot data, and/or RT-PCR analyses

pertaining ta both central and peripheral nervous systems, mRNA transcripts encoding

neuronal P2X: proteins range from restricted and discrete to ubiquituous throughout the

nervous system. For instance, RNA messages coding for P2J4 (Bo 4 al., 1995; Bue1l4

al., 1996a; Collo et al., 1996; Séguéla et al., 1996; Soto et al., 1996a; Wang et al., 1996)

and P2Xa (Collo et al., 1996; Soto et al., 1996b) receptors were found ta be widely

transcribed throughout the brain and distributed in an overlapping fashion in. most

central regions (Collo et al., 1996). Similarly, P2X2 mRNA (Brake et al., 1994) was aIso

observed to he expressed in the brain (Brake et al., 1994; Collo et al., 1996), although ta

a much lesser extent than major brainp~ and P2Xs transcripts. On the other band,

P2X1 CValera et al., 1994), P2Xg (Chen et al., 1995; Lewis et al., 1995), and P2Xs (Collo et

al., 1996; Garcia-GllZJDan et al., 1996) as weIl as non-neuronal P2X7 (Surprenant et al.,

1996; Collo et al., 1997) m.RNAs were found to he minor transcripts or absent from

adult brain neurons (Collo et al., 1996; Collo et al., 19~7), although P2X1 mRNA has

been observed to he transcribed in neonatalbrain neurons CKidd et al., 1995).

The lamina m ofthe cervical spinal cord constituted the only spinal cord locus devoid of

P2X mRNAs (Collo 4 al., 1996) while both P2Xa and P2X7 transcripts were found to he
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absent altogether from the spinal cord (Collo et al., 1996; Collo et al., 1997). On the

other han<L aIl other lamjnae expressed bothP2~ andP~ m.RNAs. Further, exclu

ding ]aminae 1/llIIIV, the P2X2 isoform was positively identified within adult spinal. cord

(Collo et al.; 1996). P2X1 and.P2Xs transcripts were observed only in the ventral horn of

the spinal corel including lamjnae V to IX (Collo et al., 1996).

Interestingly, aIl six neuronal P2K mRNAs (P2Xl to p~ inclusively) have been shown

to he transcribed witbin ail peripheral sensory ganglion neurons studied (Collo et al.,

1996). Taken altogether, these studies have highlighted severaI interesting obser

vations. For example, the mutually overlapping regional patternperta;ning to P2X.t and

PIDes messages (Collo et al., 1996) seems to occur only within brain. On the same line of

thought, similar co-transcription patterns have also been reported for P2X1 and P2Xs

mRNAs within the ventral horn of the spinal cord (Collo et al., 1996). On the other

band, P2Xs transcripts turned out to he the most rare message among all known P2K

subunits (Collo et al., 1996). Similarly, P2Xa mRNAs have been shown to display the

most restricted transcription pattern within the P2K gene family (Collo et al., 1996).

More specificaI1y, only primary sensory neurons have been shown to transcribe P2Xa

messages (Chen et al., 1995; Lewis et al., 1995), a unique feature among transmitter

gatedchannels.

1.4.3 PROTEIN MAPPING PROFILES

There have been severaI immunocytochemical studies regarding P2Xl (Vulchanova et

al., 1996), P2X2 CVulchanova et al., 1996; Kanjhan et al., 1996; Vulchanova et al., 1997),

P2Xg (Cook et al., 1997; Vulchanova et al., 1997), andP2X7 (Collo et al., 1997) proteins.
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, Although most of these protein mapping reports have corroborated and further

extendedprevious in situ hybridizationresults pertainingto P2K receptor distribution at

cellular leveIs (Barnardet al., 1997; North and Barnard, 1997).

Confirming P2Xl mRNA distribution patterns from in situ hybridization data (Collo et

al., 1996), P2X1 immunostainings were observed to he negative from the adult brain

(Vulchanova et al., 1996). On the other band, positive P2X1 immunoreactivities were

found within spinal cord superficial. dorsal. horn layers, the sites of multiple sensory

pathways, at both post- and presynaptic levels CVulchanova et al., 1996). However,

based upon in situ hybridization results, P2Xl mRNA transcripts were found to he

transcnbed onlyfrom motor neurons in laminae V ta IX (Collo et al., 1996). Reason(s)

for these apparent discrepancies, between in situ hybridization resuIts and immuno-

• histochemical. studies regarding P2Xl manDels, are currently neither raised nor addres-

sed.

•

Contrary ta P2X1 negative protein expression within. brain structures, P2X2 subunits

were positively immunostained within discrete central. structures CVulchanova et al.,

1996). For instance, P2X2 proteins were found to he expressed in the hypothalamus

and varions catecholaminergic nuclei, notably, the olfactory bulb CVulchanova et al.,

1996). Reminiscent of P2Xl distribution observations, the hindbrain solitary tract

nucleus has been previously shown ta lack P2X2 mRNA transcripts (Collo et al., 1996)

but P2X2 positive immunolabeling was subsequently demonstrated within the same

locus CVulchanova et al., 1996). Another inconsistent observation can be made

concerning P2X2 immunoreacti.vities within spinal. cord. dorsal horn lamina l and ll. For

example, P2X2 positive stainings were observed witbin the most superficial aspect of
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the dorsal horn, namely, the Lissauers tract CVulchanova et al., 1996). However, the

same group subsequently ~pot:tedthat P2X2 subunits were not expressed within this

sarne locus CVulchanova et al., 1997). Similarly, P2X2 immunostainings were not

observed within the cerebellum CVulchanova et al., 1996) thereby apparently confir

ming P2X2 in situ hybridization data (Collo et al., 1996), yet, P2X2 was also found to he

expressedwithinvarious cerebellar lociby another group (Kanjhan et al., 1996).

Corroborating P2Xa mRNA distribution data (Collo et al., 1996), P2Xa proteïns was

determined to be absent from the brain (Cook et al., 1997; Vulchanova et al., 1997).

Mismatches arised between P2Xa mRNA transcript distnbution (Collo et al., 1996) and

protein expression CVulchanova et al., 1997) involving the spinal card dorsal. horn. For

instance, it has been documented through in situ hybridization data that P2Xa was not

present within the spinal. cord (Collo et al., 1996). On the other hand, P2Xg proteins

were subsequently round to be expressed from the inner part of the spinal cord dorsal

horn Iamjna II CVulchanova et al., 1997). This couldhe explained by the fact that P2Xa

subunits are expressed by central terminals ofperipheral sensoryganglion neurons.

Further, P2X7 immunocytochemicaI results have demonstrated that this subunit was

infact the onlyknown non-neuronal P2K isoform, namely, being expressed by microglial

and ependymal cells from brain and also by lymphocytes and macrophages (Collo et al.,

1997). In hindsight, aIl these immunocytochemistry data pertainîng 10 P2X1, P2X2,

P2Xa, and P2X7 subunits turnedout tahe either excluded from or expressed ina discrete

fashion within supraspinal structures. Therefore, it wouldhe relevant to pursue protein

mappingstudies regardingmajor centralP2K subunits such as P2~and/orP~ recep.

tors. Similarly, P2Xs protein distribution patterns remain ta he investigated.
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Recomhinant P2K receptors have been functionally characterized in various hetero

logous protein expression systems, especially from HEK-293 cells and Xenopus laevis

oocytes. Purinergic agonist profiles and P2 antagonist sensitivities as weIl as pharma

cological co-factor effects have been documented. More specifically, heterologously

expressed recombinant homomultimeric P2X subunits have been classified into three

subtypes based upon their sensitivities ta the agonist af3mATP, and upon their

sensitivities to P2 antagonists suramin and PPADS, as weIl as upon their channel

desensitization kinetics. P2K receptors that are rapidly desensitized, af3mATP-sensi-

tive, and blocked by both suramin and ppADS, P2X1 evalera et al., 1994) and P2Xa

(Chen et al., 1995; Lewis et al., 1995) are thus grouped together. Non-desensitizing

P2X2 (Brake et al., 1994) and P2Xs (Collo et al., 1996; Garcia-Gl1zman et al., 1996) are

bath insensitive to af3mATP applications, yet, they are blocked by suramin and ppADS

thereby constituting another P2X: subgroup. On the other hand, moderately-desensiti

zingP~ (Ba et al., 1995; Bueil et al., 1996a; Wang et al., 1996) and P2~ (Collo et al.,

1996) are neither sensitive to a~mATP nor blocked by P2 antagonists representing,

still, a distinct subgroup. It shouldhe noted, however, that P2Xt was also reported to he

slightly sensitive to both suramin and ppADS (Soto et al., 1996a). On the same token,

pre-incubated suramin (100 tJ.M and 100 fJ,M ATP) as weIl as ppADS (100 lJ,M and 1 lJ,M

ATP) were found ta he efficient P2)4 blockers CSéguéla et al., 1996). Further, P2~

chaDnels expressed from Xenopus laevis oocytes were determined ta he non-responsive

ta applications ofATP and various purinergic ligands (Soto et al., 1996b). It is not clear

why rat P2XE; suhunits possessing a P2~-like phenotype, as mentioned formerly, were

described in transfected mammalian HEK-293 cells (Collo et al., 1996).
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Homomultimeric P2X7 receptors (Surprenant et al., 1996) constitute a special group by

itself compared to the other six P2)( subunits. First, non-desensitizing P2X7 channels

are activated by ATP only at 100 J.LM or more ŒC50 =115 IJM); on the other band, they

are sensitive to BzATP (EC50 = 7 JJM) (Surprenant et al., 1996). Second, P2X~

mediated BzATP responses were found to he relatively insensitive and moderately

sensitive 10 suramin and ppADS, respectively (Surprenant et al., 1996). Third and

most importantly, P2X7 proteins are bifunctional molecu1es. In othe:r words, they

function as non-selective small cation cbannels similar ta other P2K isoforms underbrief

andwell spaced-out agonist applications; conversely, under short frequen-t ligand appli

catiODS, P2X7 reœp10rs gave tise to lytic pores permeant 10 large hydrophilic molecules

in the hundreds ofdalton range (Surprenant et al., 1996).

Another P:oc phenotype worth separating from homomultimeric P2X1 to P2X7

receptors, inclusively, constitute the heteropolymers composed of P2X2 and P2Xa

(p2X2+3) subunits with hybrid functional properties (Lewis et al., 1995). P2X2+3 high

a~mATP sensitivity is conferred by P2Xg subunits but P2X2+3 non.-desensitizing

channel kinetics come from the contributions of P2X2 subunits. Further, thi.s pheno

type has been observed natively in sensory neurons (Lewis et al., 1995) where P2X2 and

P2Xa mRNA and proteins have been loca1ized (Colla et al., 1996). Direct physical

interactions between P2X2 and P2Xg subunits bas been reœntly demonstrated through

co-immunoprecipitation assays via a baœu1ovirus-infected sm 0011 expression system

(Radford et al., 1997). Until recently, the P2X2+3 hetero-oIigomeric channel phenotype

constituted the only known ex:ample wherehy two different P2X subunits assemble

10gether to give rise ta a novel receptor phenotype unaccounted for by either homomul

timeric components.
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Various aspects pertaining ta biophysical properties of recombinant P2K subunits have

beeninvestigated. More specifically, ionic selectivity and cbannel rectification behavior

as weil as calcium permeability have been studied. Results on receptor domains

thought to he involved in channel desensitization kinetics as weil as membrane topo

logies have been reported. Single channel conductance values as weIl as deterrninants

ofthe ion conduction vestibule have also been analyzed. Most recently, the formation of

large pores byneuronal Pme subunits have been demonstrated.

Reminiscent of nicotinic acetylcholine and glutamate-activated receptor gene super

familles, ATP-gated P2K ion channels have been shown ta be equally permeable to

monovalent cations, namely, potassium and sodium ions (BueIl et al., 1996b). On the

same token, channel rectification properties have been observed ta he subunit-depen

dent. More specifically, only P2X2 and P2Xa subunits have been reported to display

markedinwardlyrectifyi.ngproperties (Brake et al., 1994; Chenet al., 1995). Similar ta

NMDA (Rogers and Dani, 1995) and a7 nicotinic receptors (Séguéla et al., 1993),

although to a lesser extent, P2K receptors also display a high permeability ta calcium

(pCalpNa =4) (Lewis et al., 1995; Bueil et al., 1996a; Soto et al.,. 1996a), a property with

important physiologicaI consequences.

Structural elements thought ta modulate channel kinetic properties have been studied

for P2X.1 and P2X2 subunits (Wemer et al., 1996). Briefly, it was shown. that neither the

extracellular domain nar bath N- as weil as C-termini. were required ta confer channel

kinetic properties. P2X.T Iike non-desensitizing kinetics were found ta be dominant over
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P2Xr Iike strongdesensitizing properties. Further, it was concluded that these specifie

kinetie properties were presumablydue to intrinsi.c conformational changes at the levei

ofthe quaternary structure ofthe channel complex (Werner et al., 1996). Interestingly,

in a recent topological determination report confirming that P2X receptors are charae

terized by a large extracellular domain connected by two transmembrane segments of

which both N- and C-termini are on the intracellular side (Torres et al., 1998a), P2X2

and P2Xg monomerie subunits in tandem (P2X~P2Xa) have been shown to behave

similarly to P2X2+3 channels (Torres et al., 1998a). Therefore, these two studies

(Werner et al., 1996; Torres et al., 1998a) strongly suggest that either P2X2+2+3+3

(identical subunits in adjacent positions) or P2X~2+3 (simi1ar isoforms in opposite

configurations) wouldgive rise to non-desensitizing kinetic properties.

Reported native P2)( receptor phenotype single channel conductance values ranged ap"

proximately from 10 to 20 pS (Nakazawa et al., 1990; Fieber and Adams, 1991;Vincent,

1992; Silinski and Gerzanich, 1993; Sun and Stanley, 1996; Khakh et al., 1997). This is

in agreement with single channel conductance estimates reported for recombinant

P2X1, P2X2, and P2X4 subunits being 18, 21, and 9 pS, respectively (Evans, 1996). On

the other band, P2Xa receptor currents were too flickery to warrant reliable estimates

(Evans, 1996). Unitary conductance values for P2Xs, p~, and P2X7 subunits remain

to he determined. However, P2Xs receptors have been shown to he silent under similar

experimental conditions studied for other P2)( isoforms heterologously expressed from

Xenopus laevis oocytes (Soto et al., 1996b). It would he interesting to pursue single

channel conductance studies pertaining ta P2X7 subunits, notably, under conditions

whereby these receptors would give tise to lytic pore formation (Surprenant et al.,

1996). In addition to unitary conductance estimates, the localization of the conduction
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vestibule of P2K channels bas been analyze<L More specifica1ly, it was found., using

substituted cysteine accessibility method (SCAM), that the M2 domain of each interac

ting subunit formed the conduction vestibule witbin P2K complexes (Rassend.ren eL al.,

1997a; Egan eL al., 1998).

Last but not least, it has been shown recently that, besides non-neuronal.·P2X7 sub

unîts, neuronal P2X2 and P2X4 as weIl as heteromultimeric P2X2+8 receptors (Khakh et

al., 1999; Virginio et al., 1999) were capable ofgiving rise to quaternary complexes per

meable to large cations in a similar manner to P2X7 channels (Surprenant et al., 1996).

However, neuronal P2K subunits (Khakh et al., 1999; Virginio et al., 1999) could not give

rise ta lytic pores leading ta cell death as it was observed for P2X7 (Surprenant et al.,

1996). Homomultimeric P2Xl or P2Xa (Nicke et al., 1998), and P2X2 subunits (Kim et

al., 1997) have been shown to give rise to trimeric and tetrameric quaternary struc

tures, respectively; thus, native p~ subunit composition and stoichiometry remain to

beestab1ishedCVirginioet al., 1999) not onlypertainingto P2K chanuels peT se but also

under conditions whereby large pore complexes are formed.

1.4.6 HUMAN ORTHOLOGS

Although most reporte<! studies pertainjng to recombinant P2K receptors have come

from rodent systems; nevertheless, the mammalien P~ gene family has also been

expandedto include humanP2K orthologs (hP:zx). More specifically, excludinghP2X2 and

hP2Xs of which both primary sequences remain unknown, hP2X1 CValera et al., 1995),

hP2Xa (Garcia-Guzman et al., 1997a), hP2X4 (Garcia-Guzman et al., 1997b), hP2~

(Urano et al., 1997), and hP2X7 (Rassendren et al., 1997b) subunits have been cloned
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and characterized. Brieily, the homology between hllmsn and rat counterparts is 89%,

93%,87%, and 80% for P2Xl, P2Xa, P2X.i, and P2X7, respectively (Soto et al., 1997).

Human P2X1, P2Xg, P2X4, and P2X7 subunits have been reported to have similar

biophysical properties with their rodent orthologs. Although the primary sequence for

hP2X6 bas been reported (Urano et al., 1997), yet, its ftmctional properties remain to he

investigated.

1.5 PATHOPHYSIOLOGICAL CORREIATES

ATP released into the extracellular milieu is believed to he implicated either directly or

indirectly in various pathophysiological conditions based upon mostly circumstantial

experimental observations. For instance, ATP has been observed to elicit pain

sensations bath in anjma] models and human blister preparations. In agreement with

these observations, MOst P2K genes have been found in sensory neurons notably in

nociceptive pathways based upon in situ hybridization and immunocytochemical

studies as previouslymentioned. Therefore, we hypothesize that there is a Iinkbetween

the nociceptive responses elicited by extracellular ATP and painful sensations.

However, ATP activates P2X chsnue1s as weIl as P2Y receptors and many other less well.

characterized P2 transmembrane proteins in addition to Pl receptors following its

degradation 10 AnP and adenosine by various membrane-bound ATPases.

Another example where P2K receptors could play a role is during global forebrain

ischemia attacks (Braun et al., 1998). Hypoxia-induced ATP release may he damagïng

to neurons as weIl as microglia through P2X.-mediated calcium influxes Œdwards, 1996).

Further, transient forebrain ischemic attacks are known to affect selectively hippo-
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campal CAS neurons (Kraig et al., 1995; Braun et al., 1998) where P2K currents have

been recorded (Ross et al., 1998). Moreover, the mossy fibers contactïng CAS neurons

contain the densest pools of releasable zinc in the brain (Crawford and Connor, 1972)

and this divaIent cation can potentiate excitatory P2X: receptors (Li et al., 1993).

Another non-exclusive possibility arises whenATP, known to he co-released with gluta

mate (Inoue et al., 1995), potentiates glutamate cytotoxicity (Braun et al., 1998).

Despite these potential effects, direct P2K receptor involvem.ent under hyPOxia condi..

tions within hippocampal neurons andmicroglia remains to he demonstrated.

L6 THEBAPEUTICAL IMPLICATIONS

To what extent and under which conditions ATP-gated P2X: ion cbannels are involved in

various peripheral sensory modalities, notably pain perceptions, will he the field of

intense research. More specifically, future studies employing molecular genetic

techniques such as gene knock:out anjmal models would he helpful in assessing, for

instance, the role of exclusively sensory neuron-expressed P2Xa subunits. Moreover,

blockers used so far in P2K research are in faet non-specifie P2 antagonists. Thus, it

wouldhe helpfu.l ta design P2K-specific hlockers in order ta validate ATP-gated channels

as potentiaI therapeutical targets.

1.7 INTRODUCTION SUMMARY

In conclusion, although cl.assical pharmacological studies coupled ta modern. molecu1ar

biological techniques has provided significant advancements in the field of fast-acting

. purinergic neurotransmission, there still remains a number ofunresolved issues awai-
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tingto he addressed. For instance, subcellular protein localization ofmajor central P2K

subunits are currently unavailable, thus, rendering it difficult to assess the.physiologi

cal contrIbution ofP2X. ion ch.annels within various brain structures. Similarly, relevant

central P2K subunit composition as weIl as species-dependent properties remain ta he

investigated. Accordingly, our significant contributions to these aforementioned issues

willhe described more elaborately in the upcoming chapters.



•

•

•

TUOCK.f:t

CHAPTER2

26



•

•

•

MCGILL UNIVEBSITY

RESEARCH OBJECTIVES



•
TUOCK.Lt 28

•

•

As can he assessed from the previous chapter, despite extensive ATP-gated P2K ion

channel functional characterization, there are still severai. unaddressed issues pertai

ningto P2K protein locaIization within the CNS (Lê et al., 1998a); relevant P2K isoform

composition withîn heteropolymeric receptors (Lê et al., 1998b; Lê et al., 1999); and

gpecies-dependent P2'(ortholog properties (Lê et al., 1997). Accordingly, all four selected

research objectives are centered around these themes. Therefore, the present chapter

will present, more elaborately, the research rationale behind each of these selected

published manuscripts as weil as the different methodologies used.

2.1 FIRST OBJECTIVE

SENSORYPRESYNAPTIC AND WIDESPREAD SOMATODENDRlTIC IMMUNOLOCALIZA

TION OF CENTRAL IONOTROPIC P2X ATP RECEPTORS (Lê et al., 1998a) - Research

Rationale. Although in situ hybridization and Northern blot data were available from

ATP-gated P2K receptor molecular cloning studies (BueIl et al., 1996b), regional and

cellular as weIl as subcellular P2K protein expression profiles within CNS structures are

currently limited thereby rendering difficult the task to assess the potential physiologi

cal contributions of central ATP-gated channels and fast purinergic transmission.

Therefo:re, we document in the first manuscript (Lê et al., 1998a) the protein localiza

tion ofa predominant central P2K subunit,~, at the regïona1, cellular, andultrastruc

tural level using affinity-purified rabbit polyclonal antibodies raised against the

predicted C-tenninal domain of the protein rePOrted by Séguéla et al. (1996) and eIse

where (Bo et al., 1995; BueIl et al., 1996a; Soto et al., 1996a; Wang et al., 1996).

Methodologies. First, both in situ immunof1.uorescence and immunoblotting strategies
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were used to validate the specificity ofour anti-P~polyclonal antibodies from various

P2X cDNAs transiently transfected into HEK-293A cells. Second,p~ protein regional

distribution patterns were determined from standard western. blotting techniques from

various homogenates of rat brain structures. Third, P2X4 cellular protein locaJjzation

were analyzed through standard immunocytochemical stainings, within brain a:nd spi

nal cam. Fourth, the studydemonstrated sensory pre- and postsynapticp~ lCJCSliza

tion.

2.2 SECOND OBJECTIVE

CENTRAL P2X4 AND P2X6 CHANNEL SUBUNlTS Co-AsSEMBLE INTO A NOVEL

HETEROMERIC ATP RECEPTOR (Lê et al., 1998b) - Research Rationale. Based

upon electrophysiological recordings involving varions preparations from brain (Ed

wards et al., 1992; Mateo et al., 1998; Ross et al., 1998), spinal cord (Bardonii et al.,

1997), and peripheral nervous system (Sun and Stanley, 1996; Gu and MacDermott,

1997), native P2K pharmacologieal phenotypes have been shown to be activa-ted by

aflmATP and/or blocked by suramin. Similarly, previously reported autoradiographie

binding data using [3H]aflmATP ligand have revealed widespread binding sites ÎClr this

radioactive ATP analog within various CNS structures (Michel and HumphreY:f 1993;

Bo and Burnstock, 1994; Balcar et al., 1995). However, aeeording ta in situ hybri

dizationdataobtained withP2Kprobes (Collo et aL, 1996) onlyp~ and PIDes mRNAs

were bath predorn in8ntly and widely transcribed in an overlapping pattern within rat

brain (Collo et al., 1996). These two central P2K isoforms have been eharacterized by

their lack ofsensitivity ta both aflmATP and suramin black (Ba et al., 1995; BueIl et al.,

1996a; Collo l!L al., 1996; Wang et al., 1996). We report in the second manuscript (Lê
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et al., 1998b) the demonstration of the association between P2X4 and P2XE> subunits

that gave rise to a novel P2X phenotype more sensitive to apmATP and suramin than

P2X4 homom.ers. This subunit-specific heteromultimeric interactiongeneratingP~

channels was also confirmed.biochemically.

Methodologies. First, Xenopus laevis oocytes co-expressing P2X4 andP~ subunits

respondingto ATP, apmATP, and 2MeSATP as weIl as to P2 antagonists such. as sura-

m.in, PPADS, and RB-2 were assessed and compared to responses in oocytes expressing

P2X4 or~ alone under identica1 experim.ental conditions. Novel pharmacological pro

files from heteropolymericP~ receptors were corroborated and strengthened by an

established co-purification assay (Tinker et al., 1996).

• 2.8 TBIRD OBJECTIVE

•

FUNCTIONAL AND BIOCHEMICAL EvIDENCE FOR HETEROMEftlC ATP-GATED

CllANNEI.8 COMPOSED OF P2X1 AND P2X& SUBUNlTS (Lê et al., 1999) - Research

Rationale. Besides P2Xt, and P2~ being major subunits within various brain

structures, in situ hybridization data have aIso indicated that P2Xl and P2Xs were

major transcripts within various lamjnae ofthe ventral horn of the spinal cord (Colla et

al., 1996). Ail neuronal P2K mRNAs, including P2Xl and P2Xs, have heen reported ta he

transcribed in primary sensory neurons (Colla et al., 1996). Native sensory P 2X res

ponses recorded have been accounted for by the expression of heteromultimeric P2X2+3

receptors (Lewis et al., 1995). However, recent immunocytochemical results have

indicated that certain populations ofsensory neurons did not co-Iocalize theïr expressed

P2X2 and P2Xa subunits (Vulchanova et al., 1997). These observations point toward
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the intringuing possibility that previously thought P2X2+3-mediated responses from

some sensory neurons might, in faet, have been mediated by other reeeptors. Accor

dingly, the third manuscrïpt (Lê et al., 1999) was undertaken assuming that P2X1+5

receptor would display hybrid functional properties between P2Xl pharmacology and

P2Xs channel kineties. Inresponse to low a~mATP concentrations (1-10 IJ,M), Xenopus

oocytes expressing P2Xs receptor alone should not give rise to any significant responses

(Collo el al., 1996); whereas homomultimeric P2X1 channels should give rise to rapidly

desensitizing currents CValera et al., 1994); on the other hand, oocytes co-expressing

P2X1 and P2Xs subunits should give rise ta non-desensitizing responses similar to those

observed for P2X2+3 heteromultimeric receptors (Lewis et al., 1995).

Methodologies. Strategies adopted here will be similar but more complete than those

• used for theP~ projeet (Lê et al., 1998b). First, TNP-ATP 1C50 values were

measured to assess any differences between P2Xl, P2Xs, and P2Xl+5 reeeptor pheno

types; in addition to respective ATP, a~mATP,and ADP EC50 values. Second, reci.pro-

cal co-purifieation were performed between P2Xl(His)6 and P2~-Flag as weIl as

between P2XsCHis)6 and P2XrFlag.

2.4 FOURTH OBJECTIVE

PR1MARY STRUCTURE AND ExPRESSION OF A NATURALLY TRUNCATED HUMAN

P2X ATP RECEPTOR SUBUNlT FROM BRAIN AND IMMUNE SYSTEM (Lê et al., 1997)

- Research Ratiol'ltlle. ATP-gated P2Kion ehannels are thought ta play a signifieant

role in varions nocieeptive signaling pathways (Cook et al., 1997). Species-dependent

properties of P2K reeeptors should be taken into aecount in the development ofp~
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specifie antagonists with therapeutical values such as novel analgesic agents. There

fore, this cloning project corresponding to the fourth manuscript (Lê et al., 1997) was

undertaken to characterize the human ortholog to rat P2Xs, which bas been shown ta

displaythe most restricted distribution among all rat P2K subtypes (Bueil et al., 1996b).

Methodologies. Taking advantage of the molecular cloning of a predomjnant central

p~ isoform previously reported by.Séguéla et al. (1996) and elsewhere (Bo et al., 1995;

Buenet al., 1996a; Soto et al., 1996a; Wang et al., 1996), thep~ sequence was used

for virtual screening of the dbEST database (Lennon et al., 1996) with the TBLASTN

algorithm. hP2XsR cDNA was nuclear-injected into Xenopus laevis oocytes for func

tional as weil as pharmacological studies. hP2X5R cDNA was transiently transfected in

human embryonic kidney cells (HEK-293A) for biochemical characterization of the

encoded protein using, namely, Westernblots and in situ immunofluorescence.
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ATP is now recognized as a bona {ide neurotransmitter (Brake and Julius~ 1996).

Extracellular ATP-mediated P2K responses have been documented in various CNS

structures by electrophysiological recordings (Bueil et al., 1996b). Further, indirect

evidence regarding the anatomica1 distribution of the receptors mediating these puri

nergic ionotropic responses have also been described through autoradiographiebinding

studies (Michel and Humphrey, 1993; Bo and Burnstock, 1994; Balcaret al., 1995). On

the same token, mRNA distribution patterns were available recently from ATP-gated

P2K channel cloningworks (Collo et al., 1996). However, contributions ofp~ ion chan

nels to fast acting purinergic synaptic signaling can only he assessed with precise ana

tomica1 distribution patterns based upon immunocytochemistry data. Indeed~there ha

ve been several protein mapping studies pertaining ta p~ subunits (Kanjhan et al.,

1996; Vulchanova et al., 1996; Collo et al., 1997; Cook et al., 1997; Vulchanova et al.,

1997; Bradbury et al., 1998; Vulchanova et al., 1998); yet, P2K protein locaIization of

predominant central subunits, notahly P2)4, withinbothbrain and spinal cord was still

unaddressed thereby rendering difficult the task of assessing the physiological role of

neuronal ATP-activated receptors. Taking advantage of the molecular cloning of the

major central P2Xt. isoform reported by our Iaboratory CSéguéla et al., 1996) and

eIsewhere (Ba et al., 1~;Buell et al., 1996a; Soto et al., 1996a; Wang et al., 1996), this

project was pursued to document its protein localization within both brain and spinal

corel Subunit-specific anti-P2)4 antibodies raised against the e-terrnin al domain of

P2)4 receptors will he llSed. The present immunocytochemistry study allowed the loca

lization of P2Xt. subunits at regiona1~cellular, and ultrastructura11evels. Main issues

addressed were, firstly, are P2X.t-containing receptors expressed on postsynaptic, pre

synaptic elements, orbath? And secondly, to what extent could P~-mediated.respon

ses he significant inknown pathways within the CNS?



•

•

•

TUOCK.U:

3.2 MANUSCRIPT REPRINT



•

•

•

MCGILL UNIVERSITY

SENSORY PREsYNAPl'IC AND WIDESPREAD SOMATODENDRITIC

IMMUNOLOCALIZATION OF CENTRAL IONOTROPIC

P2X ATP RECEPTOBS

KHANH-Tuoc LÊ, PIERRE VILLENEUVE, ANToINE R. R.AMJAUN,

PETER S. McPHERsoN, ALAIN BEAUDET, AND PHILIPPE SÉGUÉLA. (1998)

NEUROSCIENCE 83: 177-190

37



•
TUOCK.Œ

ABSTRACT

38

•

•

Recent evidence suggests that extracellular ATP plays a neurotransmitter role in the

central nervous system. Its fast ionotropic effects are exerted through a family of P2K.

ATP-gated cbannels expressed inbrain and spinal cord. To determine the physiological

significance of central ATP receptors, we have investigated the localization of a major

neuronal P2K receptor at the cellular and subcellular leveIs using affinity-purified anti

bodies directed against the e-terminal domain ofP2X.t subunit. Subunit-specific anti

P2X.t antibodies detected a single band of57 000 ± 3000 MW in transfected HEK-293A

cells and inhomogenates from adult rat brain. The strongest expression of central P2K.

receptors was observed in the olfactory bulb, lateral septum, cerebellum and spinal

cord. P2~ immunoreactivity was aIso evident in widespread areas including the cere

bral cortex~hippocampus, thalamus and brainstem.. In all regions examined, P2K recep

tors were associated with perikarya and dendrites where they were concentrated at the

levei of afferent synaptic junctions, confirming a direct involvement of post-synaptic

ATP-gated channels in fast excitatory purinergic transmission. Moreover, P2X4

containing purinoceptors were localized in axon terminals in the olfactory bulb and in

the substantia gelatinosa ofnucleus caudalis ofthe medulla and dorsal horn of the spi

nal cord, demonstrating an important selective presynaptic role ofATP in the modula

tion ofneurotransmitter release in central sensory systems.

INTRODUCTION

The role ofextracellularATP as a neurotransmitter atneuro-effector and neuro-neuro

naI synapses in the peripheral nervous system has been convincingly demonstrated
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(800 review in Zimmermann, 1994). Furthermore, a growing bodyofneurophysiological

evidence suggests that ATP is involved in widespread excitatory transmission in the

CNS (Jahr and Jessel, 1983; Fyffe and Perl, 1984; Edwards et al., 1992; Ueno et al.,

1992; Day et al.., 1993; Furukawa et al., 1994; Hiruma and Bourque, 1995). Ionotropic

peripheral and central effects of extracellular ATP are exerted through a family of P2K

purinoceptors.

Seven different genes coding for mammalian central and peripheral. P2K ATP receptor

subunits have been cloned so far. These genes have distinct but partially overlapping

anatomical patterns of transcription that suggest tissue-specific heteromeric assembly

of Pme subunits (Lewis et al., 1995). P2X1 subunits are expressed predominantly in

smooth muscle cells (Valera et al., 1994). P2X2 mRNA is found in sympathetic and sen

sory neurones as weIl as in the pituitary gland (Brake et al., 1994). P2Xa is expressed

exclusively in sensory neurones (Chenet al., 1995; Lewis et al., 1995), while P2Xs is aIso

present in sensory neurones and in a subset of spinal motomeurones (Colla et al., 1996;

Garcia-Guzman et al., 1996). The cytolytic P2X7 receptor was found to he expressed in

immune cells and glial cells ofcentral and peripheral nervous system (Surprenant et al.,

1996).

In situ hybridization studies have shown that P2Xt- (Bo et al., 1995; BueIl et al., 1996;

Séguéla et al., 1996) andp~ (Collo et al., 1996) are the only two members of the P2X

gene family ta he widely transcribed in the adult CNS and in periphery. Whether

recorded in recombinant form inXenopuso~s (Séguéla et al., 1996; Soto et al., 1996)

and transfected HEK-293A cells (BueIl et al., 1996; Collo et al., 1996), or natively in

cultured epithelial cells from rat m axillary salivary gland (BueIl et al., 1996), the homo-



•
TUOCILÛ 40

•

•

merie fonDS ofthese two receptors d.isplay a characteristic low sensitivity to the classi

cal purinergie antagonïsts suramin and pyridoxal-phosphat;e.E).azophenyl-2',4'-disulpho

nie acid as well as slow desensitization kinetics. There is still no information available,

however, on the cellular and subcellular distribution of these proteins in mammalian

CNS. Yet, this information is critica1 to our understanding of the physiological raIe of

centraI. ATP-gated manDeIs.

Taking advantage ofthe cloning ofneuronal P2K receptors, we have developed subunit

specifie polyclonal antibodies directed against P2Xl, one major and widespread compo

nent of central P2K reœptors. We report here the localization ofthis reœptor-chaDnel

subunit at the regional, cellular and ultrastructura1levels inthe adult rat brain and spi

nal cord. A snmmaty ofthis work bas been presented at the XXVIth Annual. Meeting of

Society for Neuroscience (Lê et al., 1996).

MATERIALS AND METHODS

Developmentand Purification ofSuhunit-Speci(ic Anti-P2X4 Antibodies

The cDNA coding for theC-terminal domain of rat P2J4, corresponding to the Iast 31

amino acids, the stop codon plus the 3' untranslated region, was amplified in polymerase

chajn reaction (PCR) from a full-Iength clone (Séguéla et al., 1996) using a sense primer

(TCGGATCCCTCTACTGCATGAAGAAG) containing an artificial Bamm restriction

site and a reverse peDNA! vector primer. The 672 base pair peR product was double

digestedwithBamm andEcoRI for subcloning in frame with glutathione-8-transferase

(GST) protein in the prokaryotic expression vector pGEX-2T (Pharmacia). The same
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PCR product was double digestedwithBamm andXbaI (a natural site present in P2X4)

for subcloning in frame with maltose-binding protein (MBP) in the prokaryotic expres

sion vector pMAL-c2 (New England Bio1abs) for affinity purification purpose. The pro

duction of GST-P2X4 fusion protein was induced by 0.1 mM isopropyl-~-thiogalacto

pyranoside inculture and milligrams ofthe bacterial protein of32 000 MW were purified

directly on preparative sodium dodecyl sulphate-polyacrylamide gel electrophoresis

(SDS-PAGE). Excised bands containing 0.2-0.5 mg of GST-P~were mixed with

Freund's complete adjuvant to initiate a standard immunization procedure in rabbits

(Harlow and Lane, 1988). A sirnilar pl'Otocol of induction was used to produce a 46 000

MW MBP-P2J4 fusion protein that was separated on 12% SD8-PAGE? blotted and dried

onpolyvinylidene difluoride (PVDF) membrane. Protein concentrations were estimated

bycomparision withbovine sernm albumin standards in Coomassie Blue staining. IgGs

from positive sera previously selected in western blots were affinity-purified by solid

phase adsorption using MBP-P2J4 on PVDF strips, eluted under acidic conditions (50

mM glycine buffer pH 2.5) prior to rapid neutralization in 2 M Tris buffer pH 8.0 and

followed by 16 h dialysis in 0.01 M phosphate buffer pH 7.4 containjng 2% sucrase and 1

mMEDTA.

Constn.u:tion ofEpitope-Tagged P2XReceptor Subunits

P2Xl and. P2X.( receptor subunits were epitope-tagged both to facilitate the localization

of the two subunits in heterologous expression systems and to validate the subunit

specificity ofthe immunoreactivity observed with anti-P2X.4 polyclonal antibodies. The

C-terrniua] Flag octapeptide DYKDDDDK (IBD was inserted in mutagenic peR using

oligonucleotide primers designed for the replacement of the naturaI. stop codon of P2Xl
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Canti-sense TCACTCGAGGGAGGTCCTCATGTTCTCC) and P2X4 subunits Canti

sense TGACTCGAGGCGACACTGGTTCATCTC) by an artificialXhoI site. Full-Iength

mutant P2K subunits cDNAs were amplified in PCR using Pfu polymerase CStratagene)

thenligated in-frame to anXhoI-XbaI cassette containjng the Flag peptide followed by a

stop codon (Mukerji et al., 1996), befora subcloning in the peDNA! eukaryotic expres

sion vector (Invitrogen).

Heterologous Expression ofHomomeric PzxReceptors in HEK-293A ceUs

For transfection of epitope-tagged and wild-type P2K subunits in mammalian cells,

HEK-293A (ATCC ICRL-1573) were grown in Dulbecco's modifiedEagle's medium-10%

heat-inactivated fetal bovine serum (Wisent, St-Bruno, Québec) containing penicillin

and streptomycine Freshly plated cells reaching 30-50% confluency were used for

transient transfection using the calcium phosphate method on 90 mm dishes with 10 J.tg

supercoiled plasmid DNA/106 cells. Heterologous expression of P2K receptor subunits

was assayed by immunofluorescence and western blot at 36-48 h of post-transfection

time.

Immunolocalization ofPzxReceptors in Transfected HEK-293A Cells

After 24-36 h of post-transfection time, HEK-293A cells were plated at 50-70% con

fluency in poly-L-lysine coated chambers. Four hours later, adherent cells were washed

inphospha~buffered.saline and fixed for 20 min at room temperature with 4% parafor

maldehyde in 0.1 M phosphate buffer, pH 8.0. After blocking non-specifie sites with 2%

normal goat serum CNGS), fixed cells were ïncubated with affinity-purified and pre-
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adsorbed. primary antibodies P2~ (1 1J,gImI.) or M2 (10 !lWml) anti-Flag peptide anti

bodies overnight at 4 oC in 0.05 M Tris-saline buffer pH 7.2 contajnjng 0.5% Triton X

100, 5% NGS and 5% dry mil.k powder. BO"UD.d antibodies were detected by immuno

fluorescence after 1 h incubation with f1uorescein isothiocyanate-labelled goat anti

rabbit Cl IJ,g/ml) or Texas Red-Labelled goat anti-mouse (2 ~ml) secondary antibodies

(ImmunoResearch Labs).

Western Blot ofHomogenates from Transfected Cells andRatBrainRegions

Transfected HEK-293A cells were lifted in. Hank's modified calcium.-free medium. with

20 mM EDTA, pelleted at low speed and hom.ogenized in 10 volumes of 10 mM HEPES

buffer pH 7.4 contajnjng the protease inhibitors phenylmethylsulfonylfluoride (0.2 mM)

and benzamidine (1 mM). Lysates were pelleted at 14 000 g for 5 min to remove cell

debris before protein assay. Various brain regions (see Fig. 3.4) were dissected from an

adult rat and homogenized at 1:10 (w:v) in. 20 mM HEPES buffer pH 7.4 containing

0.32 M sucrose, 0.83 mM benzamidine, and 0.23 mM phenylmethylsulphonylfluoride

using a polytron, then pelleted at 14 000 g for 5 min. Protein concentrations in

homogenates were determined using the method ofLowry et al. (1951) as modified by

Peterson (1977) and equal amounts of protein (150 f,lg/lane) were run on 10-12% Sn8-

PAGE, then transferred ta nitrocellulose. Depending on the sample, probing was perfor

medwiththe followingprimary antibodies: affinity-purified rabbit anti-P2Xl anti-bodies

(2 JAW'ml) pre-adsorbed with MBP alone, affinity-purified anti-P~(2 JLg!ml) pre-adsor

bed withMBP-P2X4 (neganve controls) or mouse mAb M2 (10 ~ml,ml). Appropriate

secondary species-specific peroxidase-Iabelled. antibodies were used for visualization by

enhanced chemilum.inescence ŒCL; Amersham).
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Adult male Sprague-Dawley rats (140-180 g; Charles River, Canada) were deeply

anaesthetized with sodium pentobarbital (80 mg!kg, i.p.) and perfused transaortically

with 375 ml of 2% paraformaldehyde (light microscopy) or with 75 ml of a mixture of

3.75% acrolein and 2% paraformaldehyde followed by 300 ml of 2% paraformaldehyde

(for electron microscopy) in 0.1 M phosphate buffer, pH 7.4. Brains and spinal cords

were dissected out and postfixed for 1 h by immersion in the same fixative. For light

microscopie immunohistochemistry, they were then cryoprotected for 48 h by im

mersion in a 30% sucrose solution in 0.2 M phosphate buffer pH 7.4 at 4 oC, frozen in

isopentane at -45 oC, and sectioned at a thickness of 30~ on a freezing microtome.

Sections were rinced in phosphate buffer pH 7.4, and incubated for 30 min in 0.1 M Tris

buffer saline, pH 7.4 (TBS) containing 0.03% H 20 2• For electron microscopie immuno

cytochemistry, the olfactory bulb, cerebellum and cervical spinal cord were blocked off

with a razor blade and serially sectioned at 40 mm thickness on a vibrating microtome

(Vibratome). Both frozen and Vibratome sections were then incubated overnight at 4

oC in Triton X-lOO and 20 J,Lg!ml affinity-purified P2)4 antibodies pre-adsorbed with

MBP. Negative control samples were incubated with P2)4 antibodies pre-adsorbed

withMBP-P2~orwithGST-P2X4,withpre-immune serum (1:1000), or in the absence

of primary antibodies. AIl sections were then rinsed in TBS and processed using the

avidin-peroxidase-biotin staining method (ABC Elite, Vector Labs). Briefly, they were

incubated with 1:100 biotinylated goat anti-rabbit and 1% NGS for 1 h followed by

1:100 avidin-peroxidase complex for an additional hour. Bound peroxidase was

visualized by immersion ofthe sections in 0.01 M Tris buffer, pH 7.6, containing 0.05%

3,3'diaminobenzidine (DAB), 0.04% nickel chloride and 0.01% H202. Frozen sections
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were then mounted ongelatin-coated slides, dehydrated in graded ethanols, defatted in

xylene and coverslipped for light microscopie observation (Paxinos and Watson, 1986).

Vibratome-cut sections were postfixed in 2% OS04 in 0.1 M phosphate buffer containjng

7% dextrose, dehydratedingraded ethanoIs andembedded in Epon between two acetate

sheets. They were then mounted at the tip of Epon blocks and eut at 80 Dm thickness

on a Reichert ultra-microtome, collected on Formvar-coated copper grids and exarnjned

with a JEOL 100cxelectron microscope.

RESULTS

Subunit Speci{icityofAntibodies Directed AgainstRatP214

The suhunit specüicity of affinity-purified P2)4 antibodies was tested on HEK-293A

ceIls transfected with various members of the P2K gene family. Members of this gene

family display low intersubunit homology in the e-terminal domain chosen for the

production of P2X4 antibodies (Fig. 3.1). Since the primary structure of the P2Xl~

unit is the closest ta that ofP2Xi in this region, we expressed epitope-tagged P2Xl sul>

units in HEK-293A cells to challenge the specificity of our~ antibodies. No immu

nof1.uorescence was visible above backgroundlevei inpermeabilized HEK-293A cells ex

pressing Flag-taggedP2Xl (Fig. 3.2), Flag-taggedP2X2 or the wild-type subunits (data

not shawn). In western blots of crude homogenates from transfected cells,P~ anti

bodies and anti-Flag mAb M2 recognized the same major protein band of 57 000 ± 3000

MW (n =4) corresponding to FIag-tagged P2X4 monomers (Fig. 3.3). P2~ antiboclies

detected. a major proteinband of 56 000 ± 3000 MW (n = 4) corresponding to wild-tyPe

P2J4 monomers. In keeping with our immunof1.uorescence results on whole celis, P2J4
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antibodies didnotbindto homologous P2X1 subunits in homogenates (Fig. 3.3). An im

munoreacti.ve band of 100 000 MW was detectable in homogenates of HEK-293A cells

transfectedwith epitope-tagged P2X.t receptors (Fig. 3.3). This labelling, observed bath

with M2 and P2~ antibodies, likely corresponds to multimers of overexpressed P2X

subunits. In western. blots ofcrude homogenates from multiple regions of the adult rat

brain, affinity-purified~ antibodies labelled a single major band of 57 000 ± 3000

MW (n = 7) (Fig. 3.4) in concordance with the size of P2J4 subunits heterogously

expressed in HEK-293A cells. The labelling of a single major band demonstrated the

monospecificity ofour aftinity-purified antibodies. P2~ immunoreactivity was detec

table in allbrain regions exarnined. However, relativep~ protein leveIs varied consi

derably between areas, i.e., from very low expression in the striatum. 10 very high ex

pression in the olfactorybulb (Fig. 3.4).

Light Microscopic Localization ofP214 Suhunits in Rat Brain and Spinal Cord

In rat brain sections, P2~ immunoreactivity was detected with variable intensity

tbroughout the neuraxis. Incubation of control sections with either preimmune serom

or with purified serum pre-adsorbed with the C-tenninal fragment ofP2)4 inMBP-~

markedly decreased or completely abolished the immunoreactivity in most ragions

examined (Fig. 3.5). Only those regions in which. adsorption controls showed a marked

decrease in P2Xl signaIs are consideredbelow.

The most intense P2X4 immunoreactivity in rat brain was detected in the glomerular

layer of the olfactory bulb (Figs. 3.5-A, 3.6-A) and in the outer layers of the nucleus of

the spinal trigeminal tract and dorsal horn of the spinal cord (Fig. 3.6-B). In bath of
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these regions, the labellingwas diffusely distnbuted tbroughout the neuropil (Fig. 3.6-A,

B). In all other brain areas, P2J4 immunostaining was confined to neuronal perikarya

andproximaldendrites.

Rostrally, intensely immunoreacti.ve neurones were observed in the mitral celllayer of

the olfactory bulb (Fig. S.6-A). Perikarya and proximal dendrites of tufted cells in the

external plexiformlayerwere muchless frequentlyand onlyweakly staine<i

Moderately immunoreactive pyramidal. cells were detected tbroughout the cerebral

cortex. These were particularly numerous in layers fi and. m (Fig. s.7-A), but were also

scattered throughout layer V. There were no consistent patterns between differences in

labelling patterns between different cytoarchïtectonic areas.

Intensely P~-imm.unopositiveneurones were observed in the lateral septal nucleus

(Fig. s.7-B, C). These neurons showed granular staining of the perikaryon extending

ïnto proximal dendrites (Fig. 3.7-B). More medially, small, less intensely labelled cells

were visible onthe midline, witbinthe m.edial septal nucleus (Fig. 3.7-C). These labelled

cells were co-extensive ventrally with equally moderately labelled neurons in the

vertical lim.b of the diagonal band of broca (Fig. S.7-C). In the caudate-putamen,

sparse, lightly immunoreactive spiny type II neurons were visible, most prominently in

the ventrolateral. segment. No immunoreactive cells were apparent in the nucleus ae

cumbens.

In the hippocampus, a subset of moderately ta densely stained neurons were detected

throughout the pyramidal layer ofthe CAl, CA2 and CAS subfi.elds. As can be seen in
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Fig. 3.8, these labelled ceUs were MOst numerous in CA2 and at the CA2/CA3 border, as

weIl as at the hilar extremity of CA3. Multiple P2)4-immunoreactive cells were also

visible within the granule ceU layer of the dentate gyrus. In addition, small, intensely

1abelledcells were dispersed throughout the hilus as weIl as in striata oriens and radia

tom. ofthe hippocam.pus.

The reticu1ar, anterodorsal and ventrolateral nuclei of the thalamus exhibited large

numbers of moderately immunoreactive nerve ceU bodies over relatively bigh non

specifiebackgroundlabeling.

In the hypothalamus, weakly immunoreactive nerve œIl bodies were apparent within

the anterior hypothalamic and suprachiasmatic nuclei. In the former, P2X4-immuno

reacti.ve ceUs were sparse and majnly distributed in the lateral. segment of the nucleus.

In the latter, P2X4-immunoreactive perikarya were more numerous, more intensely

immunoreacti.ve, anduniformly distributedthroughout the nucleus.

Within the brainstem, onlya few nuclei showed significant immuno-adsorbable cellular

stainjng. These include the dorsal tegmental and dorsal raphe nuclei of the midhrain

and the main sensory nucleus ofthe trigernjnaJ nerve. Moderate, highly punctate peri

karyal stainjng was also observed in the substantia gelatinosa of the nucleus of the

spinal trigerninal tract (nucleus eaudalis) and dorsal horn of the spinal eord. These

immunolabeledceUs often poorly stood out against the intense neuropil. stajning intheir

surround (Fig. 3.6-B).

In the cerebellar cortex, Purkinje cells were consistently heavily labelled (Fig. 3.9-A).
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The immunostaining was MOst pronounced at the level oftheir perikarya, where at high

magnification it took the form ofsma1l intracytoplasmic puncta, but was aIso observed,

aIbeit more weakly, throughout their dendritic tree (Fig. 3.9-A). Only sparse, weakly im

munoreactive neurons, presumably Golgi cells from their size and localization, were

detected inthe granule œIl layer. Finally, central non-neuronal cells including leptome

ningeal cells ofthe pia mater (Fig. 3.9-B), perivascul.ar cells and some endothelial. cells of

intraparenchymal blood vessaIs showed intenseP~ immunoreactivity.

Electron Microscopie Localization ofP2X4 Subunits in the Ol(actory Bulb, Cervieal Spi

nal Cord and Cerebelum.

In olfactory bulb glomeru1i, P2J4 immunoreactivity was evident within bath dendrites

(not shown.) and axon terrninals (Fig. 3.lo-A). In bath structures, the labelling was dif

fusely distributed throughout the cytoplasm. and heavily dePOsited over synaptic spe

cializations (Fig. 3.1o-B). In layers 1 and il ofthe dorsal horn ofthe spinal cord, P2Xt

immunoreactivity was detected within neuronal perikarya, dendrites and axon

termina]s. In.perikarya and dendrites, the reaction product was mainly absorbed on the

outer surface of mitochondria, microtubules and various vesicu1ar elements (Fig. 3.lo..

C, D). Heavy DAB deposits were also visible along the plasma membrane, predomi

nently at the levei of synaptic junctions (Fig. 3.10-C). In. axon terrninals, the reaction

product was present throughout the cytoplasm. and heavily concentrated on the mem

brane ofsynaptic vesicles and over synaptic densities (Fig. 3.lo..E, F).

In cerebellar cortex, P2X4 immunolabelling was mainly evident over the perikarya and

dendrites ofPurkinje cells (Fig. 3.11). In both of these structures, heavy chromogen
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deposits were apparent alongthe plasma membrane (Fig. 3.II-B, C) as weIl as over the

membranes of a variety ofintracellularorganelles including cisterns ofrough endoplas

mie reticulum (Fig. S.ll-A, C), Golgi saccules and vesicles (Fig. S.ll-A) and mitochon

dria (Fig. S.ll-A, B). In. some instances, plaques of heavy DAB deposits were visible

over c1.usters ofendoplasmic reticulum cisternae and Golgi saccules (Fig. S.ll-A) which

likely accounted for the intracytoplasmic granularity observed in the light microscope.

DISCUSSION

Affinity-purifiedP2X.t, antibodies detect wild-type P2X4 channel subunits migrating at a

MW of56-57 000 both in heterologous systems and in adult rat brain. The significant

difference between the predicted MW ofnon-glycosylated~ subunit (44 000) and the

observed MW strongly suggests that the protein is N-glycosylated. on severa! of the six

potential glycosylation sites found in the presumed extracellular domain of rat P2J4. A

post-translational modification of similar magnitude bas been previously reported for

the rat P2Xl subunit (Collo et al., 1996).

The assessment of the subunit-specificity of our polyclonal P2~ antibodies rests on

convergent structural, biochemical and anatomical data. From a structural point of

view, each member ofthe P2)( receptor family bas a unique e-terminal domain. A high

degree ofdivergence is observed in this domain evenbetween subunits that have similar

functional properties in the homomeric form. As neither P2X1 transcripts (Colla et al.,

1996) nor P2X1 subunits CVulchanova et al., 1996) are detected in the adult rat brain,

the most likelycandidate for cross-reactivity wouId have been the P2X6 subunit which,

like P2X.t" is widely expressed inthe CNS (Colla et al., 1996). However, P2Xs displays a
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short C-terminal domain that does Dot share anyrelated sequence with P2X.(, making it

unIikelyto account for the observed immunoreacti.vity. The immunolabeling ofa single

major band ofthe expected size in homogenates from brain regions demonstrates that

the set ofepitopes recognized byanti-P~antibodies inthe C-termins] domain of these

ATP-gated chsnnels is unique in the mammalian CNS. Furthermore, the regional dis

tribution ofP2X4, immunoreactivity in rat brain confonns ta the results ofearlier in situ

hybridizationstudies (Ba et al., 1995; Bueil et al., 1996; Collo et al., 1996; Séguéla et al.,

1996), confirmingthe specificity ofthe signal.

The selective distnbution of P2Xt immunoreactivity observed here in the rat CNS is

also ingood qualitative and quantitative agreement with the results of autoradiography

using radiolabelled [3H]a,~-methyleneATP (Michel and Humphrey, 1993; Bo and

Burnstock, 1994; Balcar et al., 1995). However, P2X.( and P2X6 subunits generate

homomeric receptors insensitive to a,~-methyleneATP. Therefore, the correlation

between the P2J4 immunostaining reported. here and previous radioligand binding re

sults implies two non-exclusive possibilities: Ca) a,~-methylene ATP binds with high-af-

finityto P2}4 and P2Xs homomeric receptors but is not an agonist because its binding

site is not coupled to channel gating; (b) an unidentified central subunit with a similar

widespread regional distribution confers a,~-methyleneATP binding and sensitivity to

heteromeric chaDDels containing~ and/orP~ suhunits.

The most intense P2X4 expression in the rat brain was detected in the glomeruli ofthe

olfactory bulb and in the dorsal horn of the spinal cord, two regions in which the

immunostaining pervaded the entire neuropil. In olfactory bulb glomeruli, the labeIing

was found by electron microscopy to he associated with both axonal and dendritic pro-
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cesses. In view of the strong labeling ofprimary afferent axons observed in the olfac

tory nerve layer by light microscopy, axonal P2X4 immunoreactivity is likely to be

main]y associated. with primary afi'erents in the glomemli. Labelled dendrites presu

mably belong to either tu:fted cells, as both of these have been shown ta extend their

dendriteswithinglomeruIiCPiIichingandPowell, 1971; DeVries and Baylor, 1993). This

interpretation canforms to the recent demonstration ofp~ mRNA within these two

œil types by in situ hybridization CBuellet al., 1996).

Inthe spinal card, intense P2X4 immunoreactivity was observed by electron and/or light

miCl"OSCOPY over neuronal perikarya and axon termiDS]s in the marginal layer and in the

substantia gelatinosa ofthe spinal card and nucleus caudalis, two areas involved inpain

information processing where ATP has been previously shown ta modulate synaptic

transmission (Li and Perl, 1995). Whether the axonal P2X.4 subunits visualized here by

immunohistochemistry are located on primary sensory afferent fibers or are part of

local circuits remains ta he established. The detection of P2Xt mRNA in sensory neu

roDS ofdorsal root ganglia (Lewis et al., 1995) supports the former possihility.

ln all other regions ofthe rat brain, P2X.l immunoreactivity was associated with neuro

nal perikarya and proximal dendrites, thereby accounting for the good correlation with

in situ hybridization data. Within P2J4-immunoreactïve cells, the buIk of the immuno

staining was consistently intracellular, in the form of small intracytoplasmic '!hot

spotsll
• Such a high proportion of intracellular receptors has been reported for other

types of neuronal transmitter-gated cbannels, including nicotinic acetylcholine receJr

tors (Hill et al., 1993) and glutamate-gated ch.annels (Rogers et al., 1991). Electron mi

croscopie observations confirmed the heterogeneity of P2J4 intracytoplasmic labeling
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and showed that these "hot spots" correspond to stacks ofrough endoplasmie reticulum

cistems and to congregated Golgi saccules and vesicles, Le., to putative sites o~ synthe

sis, storage and transport ofthe ATP receptors.

Dense cbromogen deposits were also observed along the outer mitochondria membrane

and microtubules oflaheled perikarya and dendrites, as well as over membranes of sy-
. .

naptic vesicles withinlabelled axon terrnina1s. The interpretation ofthese labeling pat-

terns should he subject to caution, however, given the reported limitations in the sub-

cellular resolution ofDAB cytochemistry (Novikoffet al., 1972).

A major finding ofthe present ultrastructural investigation is that P2~ is associated

both with intraneuronal perikaryaldendrites and with axon terrnina1s, indicating that

they mediate both post- and pre-synaptie ATP signalling. In the olfactory b-ulb, this

double loca1ization suggests that fast purinergie transmission is involved in bath pre

and postsynaptie regulation of olfactory and nociceptive sensory pathways, an inter-

pretation strengthened by the presynaptie localization of P2X1 and P2X2 subtypes in

the same areas CVulchanova et al., 1996). This argues strongly in favor ofATP playing

a specifie modulatory role in sensory information processing through heteromeric P2Xt-

containing ionotropie receptors.

Inother brain areas studied, such as the hippocampus and cerebellar cortex, it. appears

that ATP mainJy plays a postsynaptic neurotransrnitter role tbrough P2X4-containing

receptors. In the hippocampus, the highest leveIs ofp~ immunoreactivity were de

tected in the pyramidal layer ofal! CA suhfields as weIl as in granule cells of the dentate

gyrus. ATP-induced currents mediated by homomericp~ receptors are potentiated
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byextracellular zinc (Séguéla et al., 1996; Soto et al., 1996). This potentiation of fast

purinergic responses by zinc, recorded in varions preparations (Cloues et al., 1993; Li et

al., 1993; Koizumi. et al., 1995), is a general property of neuronal ATP-gated chanuels. .

The hippocampal mossy fibers that synapse on CA3 pyramidal cells contain the

highest concentration of releasahle zinc in the brain (Crawford and Connor, 1972).

Therefore, incontrast to the receptors expressed in CA2 where pyramidal cells are not

contacted by mossy fibers, the activity of P2X4-containing ATP-gated channels loca

lizedonthe dendrites ofCAB pyramidal cells and/or interneurons could he regulated by

synaptic zinc, the dysfunction of which may have pathological consequences CReece et

al., 1994; Buhl et al., 1996). The cerebellar cortex is the central structure which shows

the highest level of P2X4 subunit expression by in situ hybridization (BueIl et al., 1996;

Séguéla et al., 1996; Soto et al., 1996). We demonstrate here that P2J4 receptors are

associated with bath the perikaryal and dendritic membranes of Purkinje cells. The

main sources ofdirect excitatory input to the Purkinje cells are the parallel fibers from

granule cells and the climbing fibers from the inferior olivary complex (Palay and Chan

Palay, 1974). Thus, our results suggest that ATP may be co-released with excitatory

amino acids to control the firing activity ofPurkinje cells. And final1y, the significant

levels ofP2X4 receptor expression observed in subpopulations of leptomeningeal cells of

the pia mater and perivascular cells suggest an unexpected role for extracellular ATP

as a signalling molecule in various vascular-related non-excitable cells through the acti

vation ofionotropic receptors.

CONCLUSION

Fast purinergic currents recorded in response to the activation of P2X: channels display
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a significant primary calcium component due ta their high permeability to divalent

cations (Bueil et al., 1996b; Soto et al., 1996). Our ultrastructural data on the pre

synaptic expression of P2X4, channel subunit indicate that, by increasing intracellular

calcium., P2X4,-containing ATP receptors may selectively control excïtatory synaptic

transmission in central sensory systems like the olfactory bulb and the substantia ge

latinosaofspinal cord.
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FIGURE 3.1 Alignment ofthe C-terminal domajns of rat P2X ATP-gated channel sub

units. The P2)4 domain Camillo acids 358-388) targeted for polyclonal anti-fusion pro

tèin antibodies production is compared with the corresponding sequences in known

members of the P2X gene family. P2Xl channel subunit displays the closest primary

• structure to P2)4 in this region with 35% homology. Conserved residues in the same

relative position inall P2X channel subunits are indicated inbold.

•
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P2s4

P2xl

P2x2

P2x3

P2x5

P2x6

P2x7

LYCMKKKYYYRDKKYKYVEDYEQGLSGEMNQ*

LHILPKRHYYKQKKFKYAEDMGPGEGEHDPVATSSTLGLQENMRTS*

LTFMNKNKLYSHKKFDKVRTPKHPSSRWPVTLALVLGQIPPPPSH(68 aa)PKGLAQL*

LNFLKGADHYKARKFEEVTETTLKGTASTNPVFASDQATVEKQSTDSGAYS*

IYLIRKSEFYRDKKFEKVRGQKEDANVEVEANEMEQERP(51 aa)ILHPVKT*

LYVDREAGFYWRTKYEEARAPKATTNSA*

CEPCAVNEYYYRKKCEPIVEPKPTLKYVSFVDEPHIWMVDQQLLGKSL(167 aa)SGFKYPY*

~
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FIGURE 3.2 Suhunit-specificity ofanti-P2X4, antibodies in transfected HEK-293 cells.

By immunofluorescence, affinity-purified anti.-P2~antibodies detect the expression of

Flag-tagged P2J4, subunits œ~-Flag)but not that of homologous Flag-tagged P2X1

• subunits (P2X1-Flag). As positive controls, both epitope-tagged P2Xl and P2~ channel

subtypes are visuaIized with anti-Flag mAb M2.

•
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FIGURE 3.3 Western blots ofepitope-tagged and wild-type P2X.t cbannels from homo

genates of transiently transfected HEK-293A cells. Both mAb M2 and anti-P2Xl

antibodies detect Flag-tagged P2X.t. and anti-P~antibodies recognize wild-type P2Xl

channel subunit (56 000 ± 3000 MW). The same amount of total proteins (150 J-lg) has

• been loaded in each lane. Each sample has been assayed by immunofluorescence after

expression with appropriate antibodies for checking the efficiency ofthe transfection.

•
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FIGURE 3.4 Western. blot ofrat brain homogenates from microdissected regions using

affinity-purified anti.-P2X.t antibodies. The single majorband detected displays a MW of

57 000 % 3000 corresponding to P2X4 monomers in aIl regions examined. The same

amount of total. proteins (150 J,Ig) has been loaded in each lane. WB, whole brain; BS,

• brainstem; CB, cerebellum; ST, striatuIn; HP, hippocampus; OB, olfactory bulb; ex,

cerebral cotex.

•
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FIGURE 3.5 P2X.t immunoreacti.vity in rat olfactorybulb before CA) and after (D) pre

adsorption ofaffinity-purified primary antibodies with an excess of antigen. Immunola-

• beling in the olfactory nerve layer (ON), glomerular layer (GD, and mitral celllayer

(Mtr) in (A) is abolished in sections incubated with pre-adsorbed antibodies (D). Scale

bar: 500 (..IJll..
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FIGURE 3.6 DistributionofP~ immunoreactivity in the olfactory bulb CA) and dor

sal horn of the spinal cord (B). CA) Labeling in the olfactory bulb is concentrated over

the olfactory nerve layer CON), glomerular layer CGI), and individual mitral cells (Mtr).

Note that individual glomeruli are not equally densely immunoreactive, and that weakly

• labeled cells are apparent in the external plexiformlayer CEPD. Scale bar: 60 J.lDl. (B)

P2Xl immunoreactivity in the dorsal horn is concentrated over the outer marginal layer

mand substantia gelatinosa CID. Only weak labeling is detected over layer ill. Scale

bar: 120 fl.IIl-

•
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FIGURE 3.7 Distribution of P2X4 receptor subunits in the piriform cortex CA), lateral

septum CH), and basal forebrain CC). CA) Moderately to densely labeled pyramidal cells

are apparent throughout layers II-m. Scale bar: 200 IJID. (B) Higher magnification of

the framed area in CC). Note the heterogeneity of the perikaryallabeling. LV, lateral

• ventricle. Scale bar: 75 Jl.IIl. CC) P2}4-immunoreactive cells are visible throughout the

lateral septum (LS), medium septum. (MS), and diagonal band of Broca CDBB). CPu,

caudate putamen; ac, anterior commissure. Scale bar: 500 lJlD-

•
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FIGURE 3.8 Immunolocalization of P2X4 receptor subunits in hippocampus. Immu

nolabeled cells are scattered throughout CAl, CA2, and CA3 subfields of the hippocam.

pus as well as within the granule celllayer Cgc) andhilus (hi) of the dentate gyrus. In

the hippocampus, P2~-immunoreactivecells are mainly found in the pyramidal cell

• layer (py), of which they nonetheless constitute a subpopulation of interneurons and

small pYramidal cens (arrows within inserts). Only sparse immunolabeled cells are

evident in strata oriens Cor) and radiatum (ra). Scale bar: 300 lJlIl.. Insert scale bar: 50

(J.ID•

•
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FIGURE 3.9 Distribution of P2X4 immunoreactivity in cerebellar cortex CA) and pia

mater (B). CA) In cerebellar cortex7 Purkinje cells (PL) are intensely immunoreactive.

Partial filling oftheir dendritic tree is also evident in the molecular layer (ML: arrows).

Only sparse, weakly labeled cells are apparent in the granule celllayer (GL). Scale bar:

• 120 J.lDl.. (B) In the pia mater, leptomeningeal cells are intensely positive for P2X4 im

munoreactivity. Scale bar: 40~.

•
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FIGURE 3.10 Fine structural distnôutionofP~immunoreactivity in olfactory

bulb glomeruli CA, B) and substantia gelatinosa (C-E). CA) Numerous PID4-immunore-

active axon terrninals (arrows) are seen to synapse on immunonegative dendritic

trunks (Den). CH) P2Xt-immunoreactive axon terminals in synaptic contact with a den

dritic branch (Den). Note the heavy chromogen deposits on the membrane of synaptic

• vesicles as weIl as at the level ofthe synaptic specializatic,n (arrowheads). CC, D) P2}4

ümunoreacti.ve dendrites (Den) in the substantia gelatinosa of the spinal cord. Dense

DAB deposits are apparent at the levei of synaptic junctions Carrowheads) as weIl as

over microtubules and the outer membrane of mitochondria. CE, F) P2~-immunore

active axon terminals in the substantia gelatinosa. Both terminals show diffuse labe

Jing oftheir cytoplasm and are seen in asymmetrical synaptic contact (arrows) with

unlabeled dendrites (Den). Scale bars: 0.5 lJ.ID..

•
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FIGURE 3.11 Electron microscopie localization ofP2X.l immunoreactivity in ee

rebellar cortex. (A-C) P2}4-immunoreactive Purkinje cell perikarya. CA) Plaques of

dense chromogen deposits are apparent over cisterns of smooth endoplasmic reticulum

(thin arrows) and stacks of Golgi saccules (thick arrows). (B)P~ immunoreactivity is

• evident (arrowheads) as weIl as on the outer membrane of mitochondria (arrows). CC)

P~-immunoreactive deposits on cisterns of rough endoplasmic reticulum.. Scale bar:

O.5~.

•
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Native electrophysiological recordings of central P2K responses, notably in brain

Œdwards et al., 1992; Mateo et al., 1998; Ross et al., 1998) as weIl as in spinal cord

(Bardoniet al., 1997) have consistently been shown to he sensitive to a13mATP and/or

blocked by suramin. Further, autoradiographie bindïng datainvolving [3H]al3mATP

have revealed widespread binding site profiles of this agonist within both brain and

spinal cord (Michel and Humphrey, 1993; Bo and Burnstock, 1994; Balcar et al., 1995),

in agreement with aforementioned native al3mATP-sensitive electrophysiologica1 res-

ponses.

Howevert according 10 in situ hybridization results using P2X1- CValera et al., 1994) to

P2X-r-specific probes (Surprenant et al., 1996), only P2~ and P2Xa m.RNAs are both

predorninsntlyand widely transcribed in an overlapping pattern within rat brain (Collo

et al., 1996). Finally, our ownp~ protein mapping data (Lê et al., 1998a) have shown

a good correlation between P2~m.RNA distribution patterns (Collo et al., 1996) and

P2J4 immunoreactivity (Lê et al., 1998a).

Thus, functional characterization of heterologously expressed central P2K homo-oligom

mers did not fit with native P2K current phenotypes or af3mATP autoradiographie

binding data from various central preparations. Indeed, recombinant P2~ or P~

sublIDits have been known to be unresponsive to af3mATP applications as weIl as

insensitive to suramin block (Ho et al.7 1995; Bueilet al., 1996a; Collo et al., 1996; Wang

et al., 1996). Therefore, 10 address these discrepancies, this project was undertaken in

order tG assess whetherP~ andP~ subunits could interact together thereby giving

rise to a novel heteromultimericP2~ channel phenotype displaying higher sensiti·

vities 10 af3mATP as weIl as suramin block.
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Ionotropic ATP receptors are widely expressed in mammaHan central nervous system.

Despite extensive functional characterization of neuronal homomeric P 2K receptors in

heterologous expression systems, the subunit composition of native central P2K ATP

gatedcbannels remajns ta be elucidated.

P2X.( andp~ are major central subunits with highly overlapping mRNA distribution

at both regional and cellular levei. When expressed inXenopus oocytes, PIDes subunits

assemble into silent rnannels unresponsive to ATP applications. On the other hand,

P2J4 subunits assemble into slowly desensitizing ATP-gated channels insensitive ta the

partial agonist a,~-methyleneATP and ta non-competitive antagonists suramin and

pyridoxal-5-phosphate-6-azophenyl-2',4'-disulphonic acid.

We demonstrate here that the co-injection of P2X..t and P2Xs subunits in XenoplJ8

oocytes leads ta the generation ofa novel pharmacological phenotype of ionotropic ATP

receptors. These heteromericP~ receptors are activated by low micromolar a,~

methylene ATP (EC50 = 12 JAM) and are blocked by suramin and by Reactive Blue 2

which has the property, at low concentrations, to potentiate homo-merie P2)4

receptors. The assembly of P2)4 with P2~ subunits results from subunit-dependent

interactions, as shown by their specific co-purification from HEK-293A cells transiently

transfected with various epitope-tagged P2K channel subunits. Our data strongly

suggest that the numerous cases of neuronal co-localizations of P2Xt and P2~

subunits observed in mammalian central nervous system ret1.ect the native expression

ofheteromericp~ channels with unique functional properties.
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INTRODUCTION

Fast purinergic neurotl'ansmission is mediated by non-selective cation cbanneIs gated

by extracellular ATP. These transduction proteins, designated as P2K receptors, consti

tute a distinct c1ass ofneurotransmitter-gated channels on the basis of their primary

cDNA sequences and their predicted transmembrane protein topology. Currently, se

ven mammaJian P2K genes have been identified with either expression or homology

cloning assays (BueIl et al., 1996). Among the neuronal P2X: receptors, only P2~ and

P2Xs isoforms are pred.omjnantly expressed in the adult rat brain where they show an

overlapping pattern ofregional and cellular distribution at the mRNA level (Collo et al.,

1996). Both ratp~ and P2X(; homomeric suhunits are considered as weakly respon

sive ta a,f\-methylene ATP (a~mATP)and insensitive to P2 antagonists suramin and

pyridoxal-5-phosphate-6-azophenyl-2' ,4'-disulphonic aeid (PPADS) when expressed in

HEK-293A cells or Xenopus laevis oocytes heterologous systems (North and Barnard,

1997). Yet, native ionotropic purinergic responses from rat media! habenula, cere

bellum and hippoeampus were blocked by P2 antagonists and most native ATP recep

tors are activated by af\mATP (Edwards et al., 1992; Mateo et al., 1998; Ross et al.,

1998). Moreover, high affinity [3H]-a~m.ATPautoradiographie binding sites have been

localized in specifie but widespread regions within the brain and spinal cord (Michel and

Humphrey, 1993; Be and Bursto~ 1994; Balcar et al., 1995). Discrepaneies between

pharmacological profiles ofheterologously expressed homo-oligomeric P2K subunits and

electrophysiological. recordings from neuronalpreparations likely reflect the existence of

native heteromeric phenotypes ofP2K receptors in central nervous system. Indeed, one

sucb hybrid P2K phenotype was recorded in sensory neurons (Khakh et al., 1995; Lewis

et al., 1995) and has been proposed to result from the association between P2X2 and
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P2Xg subunits (Lewis et al.., 1995; Radford et al., 1997). We describe in this report a

novel P2K heteromeric receptor containjng central P2X4 andp~ subunits. This pheno

type of ATP-gated channel is endowed with a unique pharmacology characterized by

increased sensitivities to al3mATP, 2-methylthio ATP (2MeSATP), suraIIlÏIl, and. Reac

tive Blue 2 (RB-2) in the Xenopus oocyte expression system.

MATERIALS AND METRODS

Molecular Biology

Wild-type full-length~subunit cDNA was obtained by RT·PCR using adult rat spi

nal cord RT-cDNA template, Expand DNA polymerase (Boehringer-Mannheim) and

exact match primers based upon published primary sequences (Collo et al., 1996; Soto

et al., 1996).

Construction of P2Xt -Flag andP~-Flagwere reporte<! previously (Lê et al., 1998). To

generate epitope-tagged P2Xs-Flag and P2J4-(His)6 subunits, a XhoI..XbaI cassette

cont8in jng an inframe Hïs6 epitope followed by an artificial stop codon was grafted to

the full-IengthHindllI-XhoI P2X.4 construct.

The P2J4..(His)6 mutant was then subc10ned directïonally into the HindIII and XbaI

sites of pcDNA! vector (lnvitrogen) for CMV-driven heterologous expression in mam·

malian ceUs andXenopus laevis oocytes. Epitope-tagged and RT..PCR constructs were

subjectedto dideoxy sequencing either manually with Sequenase (UBD or with an ALF

DNA sequencer (Pharm.acia-LKB).
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For cDNA transfections ofepitope-tagged and wild-type P2K subunits into mammalian

cells, HEK-293A cells (ATCC #CRL-1573) were cultured in Dulbeccots modified. Eaglets

medium (D-MEM)-lO% heat-inactivated fetal bovine serum (FBS) CWisent, St. Bnmo,

Quebec) containjng penicillin and streptomycïn. Freshly plated cells reaching 30-50%

confluency were used for transient cDNA transfections with the calcium. phosphate

method on 90 mm cell culture dishes (Falcon) with 10 JLg of supercoiled plasmid

cDNA/106 cells (Lê et al., 1998). For Western blots, transfected HEK-293A cells were

liftedin Hank's modified calcium.-free medium.with 20 mM EDTA, pelleted at low centri

fugation and homogenized in 10 volumes of 10 mM HEPES buffer, pH 7.4, containing

protease inhibitors phenylmethylsulfonyl fluoride (0.2 mM) and benzamidine (1 mM).

Celllysates were pelleted at 14 000 x g for 5 min and membrane proteins in super

natants were solubilized with snS-containing loading buffer. Approximately 150 JJg of

protein per lane were run on 12% SDS-PAGE, then transferred to nitrocellulose. Immu

noprobing was performed with mouse mAb M2 (10 JJg/ml, mI) followed by peroxidase-

labelled anti-mouse secondary antibodies for vïsualization by enhanced chemilumines

ce~ce (Amersham). Co-purification of associated P:oc subunits were performed as pre

viously described for IRK channels (Tinkeret al., 1996) with minor modifications. Cell

lysates were solubilized with 1% Triton X-100 for 2 h at 4 oC. Unsolubilized materials

were pelleted. at 10 000 xg and supernatants were incubated with 50 ml of50% slurry

ofequilibrated Ni-NTA-Resin (Qiagen) for 2 h at 4 oC. Nickel beads were then washed

six times in TBS containing 25 mM imidazole and 1% Triton X-100. Bound proteins

were eluted from Ni-NTA-Resin with 500 mM imidazole, diluted 1:1 (v/v) with SDS

contajning loading buffer and warmed for 10 min at 37 oC. Samples were then loaded
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onto a 12% Sn8-PAGE, transferred to nitrocellulose, and analysed in Western blots

using chemiluminescence as above.

Electrophysiology

For electrophysiological recordings in oocytes, ovary lobes were surgically removed from

Xenopus laevis frogs anesthetized with Tricaine (Sigma), and treated for 3 h at room

temperature with. type II collagenase (Gibco-BRL) in calcium-free Barthts solution

under vigorous agitations. Stages V-VI oocytes were then defolliculated chemically he

fore nuc1ear microinjections of5-10 ng cDNA coding for each. P2X: channel subunit.

Following 2-5 days ofincuhation at 19 oC in Barth's solution containing 1.8 mM calcium

ch10ride (CaCl~ and 10 ~gentamicin,P2K currents were recorded in a two-electrode

voltage-clamp configuration using an OC-725B amplifier (Warner Instruments). Sig

nals were low-pass filtered. at 1 kHz, acquired at 500 Hz using a Macintosh IIci equip

ped with anAID carel NB-MIO-16XL (National Instruments). Traces were post-filtered

at 100 Hz inAxograph (Axon Instruments). Agonists, antagonists, and co-factors (zinc

chloride, pH 6.5, and pH 8.0) were dissolved in Ringerts solution containing 115 mM

NaCl, 2.5 mM KCl, 1.8 mM CaC12 in 10 mM HEPES (pH 7.4) at room temperature, and

applied on oocytes at a constant f1.ow rate of12 ml/min.

StatistiazlAnalysÏ8

AIl comparisons involving two variances were performed with Fisher's F values (varian

ce homogeneity requirements) and with Student's t tests for two unpaired groups. Two-
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tailed. statistica1thresholds, for both Fisher's F and Student's t critical values, were set

atp < 0.05.

RESULTS

Functionallmpact ofP2X6 SuhunitExpression onATP-Indueed Currents

In response to 100 JAM ATP, XenopU8 oocytes microinjected with a mix of P2~ and

P2Xs cDNAs (molar ratio of 1:1) gave rise to currents with kinetic profiles sirni1ar to

those observed. with oocytes expressing P2X4, alone (Fig. 4.1-A). P2Xs by itself appeared

to he silent inXenopus oocytes since no current was detected during ATP applications

(Fig. 4.1-A), in agreement with what bas been previously reported (Soto et al., 1996).

Comparison of peak current amplitudes after 3 days of expression revealed however

that currents from cells co-expressing P2J4 + P2Xa subunits were reproducibly and

significantlysmaller than currents from cells expressing onlyp~ receptors (Fig. 4.1

A, B) suggesting the possibility that the P2~ channel subunit can heteropolymerize

with other mem.bers of the P2K family. We co-expressed P2~ together with P2X1

CValera et al., 1994) or with P2X2 (Brake et al., 1994). In response to 100 fJM ATP,

there were no difTerences between peak currents recorded from oocytes co-expressîng

P2X1 + P~ and those expressing P2X1 alone (Fig. 4.1-C) after three days of expres

sion. Similarly, we did not observe any functional. impact of P2Xs on the expression of

P2X2, underthe sarne ex:perimental conditions (Fig. 4.1-D), elirninating the possibility of

a general inhibitory effect of P2Xa on protein synthesis or on translocation. Thus these

data indicate either that the subunit-specific interaction between P2~ and P2X6 iso.

forms generates an heteromerie P2X4+6 receptor, or that P2Xs subunits exert a specifie
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inhibitoryfunction on P2X..t, receptor expression. IfP2~ heteromers are expressed,

smaller peak currents could result from a lower affinity for ATP or a smaller single

conductance in comparison with homomeric P2X.t cbaDnels. Alternatively, smaller ATP

responses at day 3 could simply reflect a slower kinetics ofreceptor expressioIl-

To further characterize a ti.m~dependent effect, we studied the time-course of expres

sion, dailyrecording peak currents in response to 100 JAM ATP from oocytes expressing

either P2Xl + P2XEï cDNAs or PID4 cDNA alone. Figure 4.2 demonstrates that ATP re

ceptors in oocytes co-ex:pressing P2X.l +P~ subunits, compared top~ alone, need.ed

a longer time to reach the same leveIs ofATP-induced currents. However, between day

2 and day 5 after injection, there was a dramatic 7..foid increase in peak current ampli

tudes in oocytes co-ex:pressing P2X4 + P2XEi sub1iDits. This profile is in striking contrast

with. the tim~courseofP~expression which slowly decayed over the same period.

Agonist Sensitivity Profile ofP~6HeteromericReceptors

No significant difference was detected between the EC50 values derived from ATP dose

response Profilesof~ (6.3 ± 0.9 JLM) channel phenotype vs. homomeric P2X4 (4.2 ±

1.1 tJM) receptors (Fig. 4.3-A) expressed. in oocytes. However, the partial agonist

2MeSATP had EC50 values of 7.67 ± 1.01 ~ and 26 ± 1.8 JLM for P2~ and P2Xt,

receptars, respectively, a statistically significant difference (Fig. 4.3-B). Even more

strïking, in response to 100 tJM a(3mATP on clay 3 after injection, oocytes expressing

P2X4+6 heteromeric chsnnels gave rise to peak current amplitudes of 0.7 ± 0.13 IJ,A.

compared ta 0.12 ± 0.02 tAA only from oocytes expressingP~ homomeric receptors, in

marked contrast with the situation observed in response ta ATP (compare Fig. 4.4-A
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withFig.4.1-B). The a~mATPECso values were found ta he 12 ± 2~ forP~ and

55 ± 2 JLM forP~ channel phenotypes (Fig. 4.4-B). Therefore, a~mATP shows more

potency and has a higher affinity on P2J4+6 recep10rs than on P2Xt receptors. These

different sensitivities 10 2MeSATP and a~mATP constitute more experimental evi-

dence for a functional association between P2X4 and~ subunits co-expressed inXe

nopus oocytes.

Sensitivity ofP214+6Receptors to Suramin, PPADS and RB-2

It is widelyrecognized that neither P2X4 nor P2Xs homomeric receptors are completely

blocked by suramin or PPADS up to 100 J.tM without pre-incubation (Bueil et al., 1996).

ln response to 100 J.LM ATP + 10 JA.M suramin co-applications without pre-incubation,

oocytes expressingP~ gave tise to residual currents of 61 ± 3% (Fig. 4.5) of the

response to 100 ~ ATP (100%). Under the sarne experimental. conditions, oocytes

expressing P2X4 reœptors alone were almost unaffected. (93 ± 3%, Fig. 4.5).

We have also found that 10 JJ.M PPADS co-applied with 100 (.lM ATP gave cise to peak

current amplitudes of83 ± 7% and 103 ± 6% forP~ and P2X..t recep10r phenotypes,

respectively (Fig. 4.5-B), but we did not find any significant difference between this 17%

inhibitionon~and no effect on P2}4. We have also investigated the effects of RB

2 by co-applying 10 pM ofthe antagonist with 100~ATP: oocytes expressingP2~

receptor phenotypes were characterized by residual peak currents of60 ± 9% compared

to potentiated peak currents of 123 ± 18% from oocytes expressing P2X4 receptors

alone (Fig. 4.5). In other words, 10 t.tM RB-2 blockedp~ heteromeric chanDels by

up to 40% but increased P2X4 response by more than 20%. A potentiating effect of RB-
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2 onP~homomeric receptors has been reported in oocytes, albeit ta a smaller extent

(Ba et al.y 1995).

Sensitivity ofP214+.6Receptors to Co-Agonists Zinc Ions and Protons

We have reported previously that 10 tJ.M extracellular zinc ions co-applied with 10 JJ.M

ATP potentiated P2)4 peak currents by alm.ost two-fold (Séguéla et al., 1996). In addi

tion, it has also been shown that the sensitivity to ATP of homomeric P2)4 chsnnels is

modulatedbyexternal pH: pH < 7 inhibits ATP responses while pH> 8 has no signifi

cant effects (Stoop et al., 1997). Therefore, we checked ifthese co-agonists applied with.

ATP could discriminate between P2X4t6 and P2X.l reœptor phenotypes. In response to

10 J1M zinc ions + 10 J,tM ATP co-applications, there were no significant differences

between potentiating factors of 1.8 ± 0.19 and 1.8 ± 0.21 for P2~ heteromeric

channels andP~ homomeric receptors, respectively (Fig. 4.G-A). There was aIso no

significant difference between these two receptor phenotypes with respect to ATP (20

tJM) applied at pH 6.5. In both cases, residual peak current amplitudes were 46 ± 4% of

control values measured at pH 7.4 (Fig. 4.6-B). When 20 tJM ATP was applied at pH

8.0, it elicited peak currents of 121 ± 4% and 106 ± 4% for P2~ heteromers and P2X.i

homomers, respectively (Fig. 4.6-C). Thus, contrary to at3mATP, 2MeSATP and to

antagonists suramin and RB-2, co-factors zinc and protons did not discriminate be

tween P2X4t6 and P2X.t, receptors on a pharmacological basis.

Subunit-Specific Association ofP214 with P2X6 Subunits

Before testing their biochemical interactions, the expression ofFlag-tagged P2X1, P~,
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andP2~ subunit proteins in transientlytransfected HEK-293A cells was confirmed by

immunoblots of total membrane proteins (Fig. 4.7-~ lanes 1-6). Homogenates from

HEK-293A cells transiently co-transfected with cDNA templates encoding P2X(.-(His)6

and either P2Xl-Flag, P2J4-Flag, or P2~Flag constructs were analysed for co

purifications. Following solid-phase binding ofP2Xt-(His)6 proteins on poly-His-binding

resin, we detected the co-precipitation of P2Xt-Flag subunits, confirming that P2~

subunits interacted between themselves to generate a homomultimeric complex

(positive contraIs, in Fig. 4.7-B, lane 1). Co-expression ofP2J4-(His)6 with P2XE>-Flag

subunits gave a positive band corresponding to the expected size ofP~ (51 kDa, Fig.

4.7-B, lane 3), demonstrating directly for the first time that P2Xa, and P2XB subunits do

physically interaet in a multimeric compleXe Co-expression of P2J4-(His)6 with P2Xr

Fleg subunits did not give any signal when probed with anti-Flag M2 antibodies after

purification, confirmingthat P2X.4 and P2X1 subunits do not heteropolymerize (Fig. 4.7·

B, !ane 5). AIl control co-expressions includingP2X4-WT Gacking the poly-His motif) co

transfected with Flag-tagged P2X.4, P2Xs or P2X1 subunits were negative after purifica

tionon poly-His-binding resin (Fig. 4.7-B, lanes 2, 4, and 6).

DISCUSSION

Functional Identification ofP246Heteromerïc Receplors

In the present study, we first observed an apparent inhibition ofP2Xtl subunits on ATP

induced currents in oocytes expressing P2~ subunits (Fig. 4.1-B). However, neither

ATP-induced currents mediated by P2Xl subunits (Fig. 4.1-C) nor currents mediated by

P2X2 subunits (Fig. 4.1-D) were affected, strongly suggesting that P2J4 andP~ iso-
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farms associate together, in a subunit-specific fashion, into a novel heteromeric P2X

channeL Functional P2XH6 protein assembly and/or plasma membrane channel targe

ting appeared ta be on a different time scale compared ta p~ receptors. Indeed, in

response ta 100 t.tMATP, P2X4...6 heteromultimers gave rise ta increasing peak currènts

even after five days af expression, while P2X.l homopolymers yielded decreasing peak

cu.rrent amplitudes under identical conditions (Fig. 4.2). We did Dot find any difference

between the EC50 of ATP for bath homomeric and heteromeric reœptor isoforms (Fig.

4.4-A), sa we concluded that the apparent ïnhibitory effect of~ on P2J4 recorded

three da~ after injection was main]y due to a slower expression ofP~6 receptors on

the cell surface, assuming similar channel conductance. These findings constituted our

first set of experimentaI evidence demonstrating an heteropolymerization between

~ and P2Xa subunits. It bas been previously noticed that P2Xa subunits/channels

express poorly in HEK-293A cells (Colla et al., 1996), and are silent to ATP in the Xéno

pus oocyte expression system (Soto et al., 1996), as observed here. However, maximal

ATP-induced peak currents were significantly larger at day 5 in the case of P2~

cbannels than in the case ofp~ aIone (Fig. 4.2). This situation is reminiscent of

epithelial sodium-selective channels, belonging ta another family of two-transmem

brane-domain cation channels, whereby a fully functional channel requires the hetero

polymerization ofa subunits with ~ andy subunits, bath inactive when expressed alone

(Canessa et al., 1994).

Unique PharmacologicalProfiles of 1'214+6HeteromericReeeptors

We made the assumption that the association betweenP~ andp~ subunits should

he retlected in some unique aspects ofthe pharmacological profile ofthe resulting hete-
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romeric receptor. Although P2X.4 seemed the domjnant subunit for the sensitivity ta

ATP in the heteromers, we observed a statistica1 difference between EC50 values of

2MeSATP for P2Xt+6 heteromeric cbannels and P2Xl receptors (Fig. 4.4-B). Further

more, in response to 100~ a~mATP applications, oocytes co-expressing P2X4 and

p~ subunits gave rise to larger maximal peak currents than oocytes expressing P2X4

isoforms alone (Fig. 4.3-A), despite slower ki.netics ofexpression. Indee~we measured a

lower ECso of al3mATP for P2Xt+6 than. for P2X4 channel species (Fig. 4.3-B). There-

fore, in addition ta opposite protein expression profiles between P2Xt+6 and P2X.4 chan

nels, these observations strongly indicate that P2)4 and P2~ subunits generate a

novel receptor phenotype characterizedby an unique agonist profile, namely increased

2MeSATP and a~mATP sensitivity. Moreover, these data provide for the first time

experimental evidence for moderately-desensitizing a~mATP-activatedionotropic

responses.

Further, we probed the sensitivityofP~ heteromers to P2 antagonists suramin,

PPADS, and RB-2 co-applied with ATP. We found that suramin significantly blocked

P~ activity without inhibiting significantly P2Xt homomeric receptors (Fig. 4.5-A):

10 t-tM suramin co-applied with 100 J.tM ATP decreased P2X4+6 heteromeric receptor

peak current amplitudes by up to 40% compared to 7% for P2X4 homomeric cbaDnels.

ppAnS inhibited weaklyP~ while it had no measurable effects upon oocytes ex

pressingP~ subunits alone (Fig. 4.5-B). Law concentrations of RB-2 provided the

most dramatic differential effect by inhibiting P2J4+6 heteromers while potentiating

P~ channel activity. Suramin and RB-2 would thus he usefu.1 pharmacological tooIs

ta investigate the expression ofnative P246 heteromers in a(3mATP-sensitive neuro

nal preparations.
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We demonstrated direct interactions between the two predominant brainP~ and

P2XG isoforms through the use of an established co-purification assay (Tinker et al.,

1996). Based upon our co-precipitation results with epitope-tagged subunits in. non

denaturingconditions,P~ associate withP~ subunits (Fig. 4.6-B). InXenopus oocy

tes, this heteropolymerization underHes the specific pharmacologica1 and electrophysio

logical phenotype of a novel heteromerie channel distinct from eitherP~ or P2X6 ho

momerie receptors. On the other hand, P2Xt and P2X1 subunits did not seem ta

interact significantlywith each other (Fig. 4.6-B). Furthermore, the absence of obvious

phenotypical differences between oocytes co-expressingp~+ P2Xl and P2Xl subunits

alone (Fig. 4.1-C), or between P2~ + P2X2 and P2X2 homomers (Fig. 4.1-D), indicate

that structural deterrninants of association between P2X4 and P2X6 isoforms are sub

unit-dependent. A similar biochemieal approach using co-purification ofp~with chi

merie subunits based on~ and P2Xl structures could lead ta the identification ofthe

domaines) involvedin this specifie heteropolymerization.

Functional Correlates ofNative P246Heteromers

Purinergie responses from CA3 neurons in rat hippoeampal sliees have been recently

shown ta he activated by a~mATP and inhibited by suramin but not by PPADS (Ross

et al., 1998). Based upon in situ hybridization results (Collo et al., 1996), P2X4 andp~

are the only P2X subunits expressed at signifieant levels in adult rat hippocampus,

namely in CAl-CA4 hippocampal suhfields and in the dentate gyrus. Thus, our func

tional data obtained from recombinant receptors are in close agreement with this
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native phenotype and suggest that the sensitivities to a~mATP and to suramin ofrat

CAS neurons might he mediated throughnativeP2~heteromeric cbannels.

Neonatal rat cerebellar Purkinje cells have heen characterized as having purinergic

receptors with P2Xz-like pharmacologïcal profile in eliciting extracellular calcium.

influxes (Mateo et al.~ 1998). This conclusionrested upon a~mATP insensitivity, poten-

cy ratio ATP/2MeSATP, as weIl as suramin and ppAnS blockade after pre-incubation.

However, on recombinant P2X4+6 receptors, the concentration of a~mATP used in

Mateo et al. (50 t-tM; 1998) was roughly 10% as efficacious as 50 ~ATP in eliciting

ionotropic responses so af3mATP-mediated intracellular calcium increases could have

remained undetected, and consequent1y interpretated as af3mATP unresponsiveness.

The developmental regulation ofexpreS$Ïon levels ofneuronal P2K genes in cerehellum is

not estabIished so far. Adult rat Purkinje neurons are known to transcribe P2X4 and

P2Xs mRNA (Collo et al., 1996) and have been shown to translate high levels of P2X4

subunits (Lê et al., 1998), whereby P2X2 mRNAs (Collo et al., 1996) or subunits (Vul

chanova et al., 1996) were previously reported to he absent (but see Kanijhan et al.,

1996). It is also possible that native P2X receptors in neonatal Purkinje cells are com

posed of three subunits, namely P2X2, P2)4 and P2XE;, assembled in a heteromeric

complex where P2X2 is pharmacologically dominant.

We have recordedin oocytes purinergic currents mediated byP2~ heteromeric chan

nels that were significantly more sensitive to the agonists af3mATP and 2MeSATP, as

well as to the antagonist suramin compared to P2)4 homomeric receptors. 80, it is

likely that the moderately desensitizing a~mATP-activatedand suramin-sensitive

postsynaptic purinergic responses recorded from media! habenula {Edwards et al.,
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1992) couldhe accounted for bythe expression of postsynaptic P2X4+6 receptors, as in

situ hybridization results demonstrate the exclusive presence of P2~ and P2~

transcripts in this region (Collo et al., 1996).

The widespread distribution ofbigh affinity [3m-a(3mATP binding sites within the rat

CNS (Michel and Humphrey, 1993; Bo and Burnstock, 1994; Balcar et al., 1995),

appears to correlate with in situ hybridization data on P2X4 and P2X6 mRNA distribu

tions (Séguéla et al., 1996; Collo et al., 1996) as well as with the immunocytochemical

localization ofP2Xt, protein (Lê et al., 1998). These neuroanatomical evidence strongly

suggest tOOt the P2X4+6 channel phenotype might he present in most rat brain and

spinal com regions. Moreover, we have shown thatp~ subunit is a major presynaptic

purinoceptor component in larnjnae I-fi of spinal cord and in olfactory glomeruli (Lê et

al., 1998), two regions whereP~ is also expressed (Collo et al., 1996), therefore the

heteromericP~ATP-gated cation channels could play a significant role in the regu

lation ofexcitatory transmitter releases in central sensory synapses.
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FIGURE 4.1 Representative heteromultimeric P2X.t+6 channel CUITent phenotype. (A)

ATP-induced currents following heterologous expression ofP2X4,P~f and P2X4 + P2Xs

(1:1 molar ratio) subunits recorded 3 days after corresponding cDNA nuclear micro

injections inXenopus oocytes. (D) P2}4-dependent functional impact of P2~ on ATP

inducedresponse (P2)4 expressed alone lx: 5 ng ofcDNA, 2x: 10 ng). (C) P2X1 receptor

(P2X1 lx: 5 ng, 2x: 10 ng) functional expression is unaffected by co-expressed P2~

subunits. (D) P2X2""mediated (P2X2 lx: 5 Dg, 2x: 10 ng) ATP-induced peak current am

plitudes are unchanged in the presence ofP2~ subunits (average ± SEM values from

3-15 oocytes in 2-4 independant experiments, double asterisks denote significant diffe

rence withp < 0.01).
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FIGURE 4.2 Time-course of heteromultimeric P2X4+6 expression. Kinetics of appea

rance offunctional ATP receptors on plasma membranes is strikingly different in oocy

tes co-injected with P2X4 + P2XG subunits compared to those injected with P2X4 sub

units (average ± SEM values from 3-15 oocytes in 2-8 independent experiments).
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FIGURE 4.3 Sensitivity of P2)4+6 reeeptors to ATP and 2MeSATP agonists. CA)

SimilarATP dose-response profile between heteromerie P2X.t.t6 channels and homome

rie P2X4 receptors inXenopus oocytes. CB) Heteromultimerie P2X.t.t6 receptors showed

increased sensitivity to 2MeSATP eompared to P2)4 receptors. Values are normalized

• to the response to 300 J.LM ATP Caverages ± SEM from 3-7 oocytes/point in two indepen

dent experiments).

•
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FIGURE 4.4 Sensitivity of P2XH6 receptors to the agonist a~mATP- CA) Differentiai

a~mA.TP responsiveness measured in peak current amplitudes betweenXenopus oocy

tes expressing eitherp~ channels or P2)4 at day 3 after injection, see Fig. 4.1-B for

comparison of ATP-induced peak currents. (B) Normalized dose-response curves of

p~ andP~ receptor species for a~mATP.Valnes are normalized to the response

to 100 J,1MATP, double asterisks denote significant difference wifup < tO.Ol (averages ±

SEM from 5-8 oocytes/point in two independent experiments).
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FIGURE 4.5 Sensitivity ofP~6 to P2X antagonists. Suramin, ppAnS, and RB-2

were tested for their blocking properties -on heteromericp~ channels and on homo

merle P2J4 reèeptors. Note that P2J4+6 receptors are inhibited while P2Xl receptors

are potentiated by 10 f,1M RB-2. Values are normalized to the response to ATP only

(averages ± SEM from 5 oocytes/experiment, one and two asterisks denote significant

difference withp < 0.05 and 0.01, respecti.vely).
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FIGURE 4.6 8ensitivityofP246 to the extracellular co-factors zinc ions and pH. Ex

tracellular Zn++, pH 6.5 and pH 8.0, co-applied with ATP, did not allow to differentiate

between P2X4t6 orP~ receptors. Values are normalized to the response to ATP only

(averages ± SEM from 4 oocytes/experiment).
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FIGURE 4.7 Subunit-specificity of P2X4 + P2X6 heteropolymerization. CA) Immuno

blot ofFlag-tagged P2Xt, P2J4 andp~ subunits probed with anti-Flag M2 monoclonal

antibodies in total membrane proteins from transiently transfected HEK-293A cells.

(B) From the same samplest immunoblot of Flag-tagged P2X1tp~ and P2~ subunits

probed with M2 antibodies after co-purification through P2X.t-(His)6 subunits. Co

transfections inlane 1: P2X4,-(HiS)6 + P2X4,-Flag; lane 2: P~-WT + P2X.t-Flag; lane 3:

P~-(His)6 + P2){6-Flag; lane4: P2){4-WT + P2XoFlag; lane 5: P2){4-(His)6 + P2XI-Flag;

lane 6: P2){4-WT + P2XrFlag.
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afbnATP autoradiography binding sites have been reported for various spinal cord.

larnjnae (Michel and Humphrey, 1993; Bo and Burnstock, 1994; Balcar et al., 1995).

Moreover, P2Xl and P2Xs (Colla et al.., 1996; Garcia-Guzman et al., 1996) mRNAs have

been shown to be predominantly transcribed in an overlapping fashion within the

ventral horn ofthe spinal cord (Collo et al., 1996). Further, both P2X1 and P2Xs have

also been reported ta be present within sensory neurons (Collo et al., 1996). Moreover,

heteropolymeric P2X2+3 receptor phenotype composed of co-assembled P2X2 CBrake ~

al., 1994) and P2Xa subunits seemed to account for native P2K responses recorded from

various sensoryganglia (Lewis et al., 1995).

However, it has recently been shown using immunocytochemistry that P2X2 and P2Xg

subunits didnot co-localize extensivelyin sensoryneurons CVulchanova et al., 1997). At

this point, it was known that hetero-multimeric P2X2+3 (Lewis et al., 1995; Radford et

al., 1997) and P2Xt+6 (Lê et al., 1998b) receptor phenotypes were present in the peri

pheral nervous system and brain, respectively_ Similarly, heteropolymeric P2X1+5

cbaDDels might be expressed by motoneurons within the ventral horn of the spinal cord

as weil as primarysensory neurons.

Therefore, looking for channels generated from the assembly of P2X: subunits from two

distinct functional groups, this study was undertaken based upon similar methodology

as theP~ heteromultimerization project (Lê et al., 1998b). The existence of P2X1-+6

receptors, co-assembled from P2X1 and P2Xs subunits, was assayed functionally and

biochemical1y, demonstrating that this hybrid complex is similar ta P2X2+8 receptors in

terms ofpharmacology as weIl as channel kinetics, likely accounting for native respon

ses recorded from sensory neurons lacking co-Iocalized. P2X2 and P2Xg proteins.
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F'UNCTIONAL AND BIOCBEMICAL EvIDENCE FOR HETEROMERIC

ATP-GATED C1IANNELS COMPOSED OF P2X1 AND P2Xo SUBUNITS

KHANH-Tuoc LÊ, ÉRIC BOUÉ-GRABOT, VINCENT ARcHAMBAULT,

AND PHn..IPPE SÉGUÉLA. (1999)

JOURNAL OF BIOLOGICAL CHEMISTRY 274: 15415-15419
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The mammalian P2K receptor gene family encodes two-transmembrane domain non

selective cation channels gated by' extracellular ATP. Anatomicallocalization data ob

tained by in situ hybridization and immunocytochemistry have shown that neuronal

P2X subunits are expressed in specific but overlapping distribution patterns. Therefore,

the native ionotropic ATP receptor diversity most likely arises from interactions he

tween different P2K subunits that generate heteromultimers phenotypically distinct

from homomeric channels. Rat P2X1 and P2Xs mRNAs are localized within common

subsets ofperipheral and central sensory neurons as well as spinal motoneurons. The

present study demonstrates a functional association between P2X1 and P2Xs subunits

giving tise ta hybrid ATP-gated channels endowed with the pharmacology of P2X1 and

the kineties ofP2Xs. When expressed inXenopus oocytes, hetero-oligomeric P2X1+5 ra

ceptors were characterized by slowly desensitizing currents highly sensitive to the ago

nist a,l3-methylene ATP (ECso = 1.1~ and to the antagonist trinitrophenyl-ATP

(leso =64 nM), observed with neither P2X1 nor P2Xs alone. Direct physical evidence for

P2X1+5 co-assembly was provided by reciprocal subunit-specific co-purifications he

tween epitoPe-tagged P2X1 and P2Xs subunits transfected in HEK-293A cells.

INTRODUCTION

lonotropic ATP reœptors constitute a unique c1ass of neurotransmitter-gated ion chan

nels generated from the assembly of P~ subunits having two transmembrane-span

Dingdomains and a protein architecture similar ta amiloride-sensitive sodium manDels

(Bueil et al., 1996; North and Barnard, 1997). Functional characterization studies of
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the seven c10ned P 2K subunits heterologously expressed as homomeric channels al

lowed to c1assify them in three groups according to their properties of desensitization

and ta their sensitivity ta the agonist a,~-methyleneATP (a~mATP),nameIy, rapidly

desensitizing and a~mATP-sensitivereceptors including P2X1 and P2Xa CValera et al.,

1994; Chen et al., 1995; Lewis et al., 1995); moderately desensitizing and a~mATP-in

sensitive receptors including P2Xt and P2XG (Bo et al., 1995; BueIl et al., 1996; Collo et

al., 1996; Garcia-Guzman et al., 1996; Séguéla et al., 1996; Soto et al., 1996; Wang et

al., 1996); and non-desensitizing as well as af3mATP-insensitive receptors including

P2X2, P2Xs, and P2X7 (Brake et al., 1994; Collo et al., 1996; Garcia-Guzm.an et al., 1996;

Surprenant et al., 1996). Results from Northern blots and in situ hybridization data

(Collo et al., 1996) have indicated that the six neuronal P 2K subunit-encoding genes are

transcribed in specific but overlapping populations in both central. and peripheral ner

vous systems (BueIl et al., 1996; Collo et al., 1996). This strongly suggests that neuro

nal P 2K subunits belonging ta different functional groups might co-assemble into hetero

multimeric channels.

AIl P2X subunits have been detected in peripheral sensory ganglia, reinforcing the view

that synaptically or Iytically released ATP could play an important signaling role in. sen

sory pathways (BueIl et al., 1996; Collo et al.., 1996; Cook et al., 1997). Rat P2Xg sub

units have been reported to be exclusively expressed in small to medium-sized isolectin

B4-positive nociceptive neurons in nodose, trigernjnal, and dorsal root ganglia (Chen et

al., 1995; Lewis et al., 1995; Cook et al., 1997). A significant proportion of sensory neu

rons are thought ta express hetero-oligomeric P2X2+3 receptors based on their sustai

ned response ta a~mATPapplications (Lewis et al., 1995). However, recent immunocy-

tochemistry results have demonstrated that P2X2 and P2Xg subunits in. rat dorsal root
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gangliaare rarely co-loca1ized at the level ofcentral primary afÏerents in the dorsal horn

ofthe spinal cord, despite their high degree ofco-localizationin somata, indicating diffe

rent subunit-specific subceilular targetings (Vulchanova et al., 1997). Altogether, these

data suggest that physiologically-relevant associations ofneuronal P2K subunits, giving

tise to phenotypes that are not mediated by the previously described P2X2+3 (Lewis et

al., 1995; Radfordet al., 1997) or P2X4t6 (Lê et al., 1998) receptors, remain ta be disco

vered.

Rat P2Xs suhunit-encoding mRNAs have the most restricted distribution in the P2X: fa

mily, yet, in situ hybridization studies have indicated that P2X1 and P2Xs mRNAs are

co-localizedinprimarysensoryneurons as weIl as within subsets of large motaneurons

in the ventral hom ofthe spinal cord (Bueil et al., 1996; Collo et al., 1996). We report

• here the characterization of a novel heteromeric P2X: receptor with hybrid properties

generated by co-expression and co-assembly of P2X1 with P2Xs subunits in Xenopus

laevis oocytes and transfected HEK-293A cells, further strengthening arguments for a

diversity of native ATP-gated channels and purinergic phenotypes in mammalian neu-

l'Ons.

MATERIALS AND METROnS

Molecular Biology

•
Full-lengthwild-type rat P2X1 and PIDes cDNAs were obtained through PCR amplifica

tions usingA10 smooth muscle cells (ATCC #CRL-1476) and adult rat spinal cord RT

cDNA templates, respectively. Reactions were performed with exact-match oligonu-
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cleotide primers based upon published primary sequences CValera et al., 1994; Collo et

al., 1996; Garcia-Gllzman et al., 1996) usingPfu DNA polymerase (Stratagene) to mini

mize artifactual mutations. Epitope-tagged P2K subunits with C-terrnin al hexahisti

dine motif (His)s or Flag peptide were constructed as reported previously (Lê et al.,

1998). Briefly, anXhoI-XbaI stuffer eassette eontaining in-frame Flag or Hïss epitopes

followed by an artificial stop codon was ligated to P2X1 and P2Xs cDNAs previously

mutated in order to replace their natura! stop codon with anXhoI restriction site. P2Xr

Flag, P2X1-HisS, P2Xs-Flag, and P2Xs-Hiss were then subc10ned directionally into

HindIII-XbaI sites of peDNA! vector CInvitrogen, San Diego, CA) compatible with

CMV-driven heterologous expression in HEK-293A cells and Xenopus laevis oocytes.

RT-PCR products as weIl as mutant epitope-tagged subunits were subjected to auto

matic dideoxy sequencing (Sheldon BiotechnologyCenter, Montreal, QC).

CeIl Culture andProtein Chemistry

cDNA transfections ofepitope-tagged pZ'{ subunits were performed in mammalian cells.

HEK-293A cells (ATCC #CRL-1573) were cultured in Dulbeccofs modified Eagle me

dium and 10% heat-inactivated fetal bovine serum CWisent, St. Bruno, QC) containing

penicillinand streptomycin. Cells reaching 30-50% conf1.uency were used for transient

cDNA transfections with the calcium phosphate method with 10 J1g of supercoiled plas-

mid cDNA per 106 ce11s. Transfected HEK-293A ceIls used for Western blots were then

lifted in Hank's modified calcium-free mediumwith 20 mM EDTA, pelleted at low centri

fugation, and homogenized in 10 volumes of10 mM HEPES buffered at pH 7.4 with 0.3 .

M sucrose including protease inhibitors phenylmethylsulfonyl fluoride (0.2 mM) and

benzamidine (1 mM). Membranes from celllysates were solubilized with 1% Triton X-
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100 (Sigma) for 2 h at 4 oC, pelleted at 14 000 x g for 5 min, and remaining membrane

proteins within supematants were used for Westernblots. Solubilized proteins were ïn

cubated with 25 J.Ù ofequilibrated Ni-NTA resin (Qiagen, Hilden, Germany) for 2 h at 4

oC under agitation. Then Ni-NTA beads were washed six times in Tris-buffered saline

containing 25 mM imidazole and 1% Triton X-100. Bound proteins were eluted from

Hisôbindingresin with500 mM imidazole, diluted 1:1 (v/v) with SDS-containing loading

buffer. Samples were then loaded onto 10-12% sns-PAGE and transferred to nitrocel

lulose. Immunostainings were performed with M2 murine monoclonal antibodies (10

!J.g/ml) (Sigma) or chicken anti-Flag polyclonal antibodies (1:200) (Aves) followed by

incubations with corresponding species-speci:fic peroxidase-Iabeled secondary antibodies

(1:5 000-1:20000) for visualization by ECL (Amersham).

Electrophysiology

Electrophysiological recordings were performed inXenopus oocytes. Ovary lobes were

surgically retrieved fromXenopus laeuis frogs under deep tricaine (Sigma) anesthesia.

Oocyte-containing lobes were then treated for 3 h at room temperature with type II

collagenase (LUe Technologies, Gaithersburg, MD) in calcium.-free Barth's solution un

der vigorous agitations. Stages V-VI oocytes were then chemically defolliculated before

nuclear micro-injections of5-10 ng of cDNA coding for each P~ channel subunits. Fol

lowing 2-5 days of incubation at 19 oC in Barth's solution containing 1.8 mM calcium

chloride and 10 lJ.Wml gentamicin (Sigma), elicited P2X currents were recorded in a two

electrode voltage-clamp configuration using an OC-725B amplifier (Wamer Instru

ments). Responsive signaIs were low-pass filtered at 1 kHz, acquired at 500 Hz using a

Macintosh IIci. computer equipped with a NB-MIo-16XL anaIog-to-digital card (Natio-
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nallnstruments). Recorded traces were post-filtered at 100 Hz in Axograph (Axon

Instruments? Agonists~antagonists, and P2.'( co-factors (10 lJM zinc chIoride, pH 6.4,

and pH 8.4) were prepared at room temperature in. Ringer's perfusion solution contai

Ding 115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, and 10 mM HEPES buffered at pH

7.4. Solutions were perfused onta oocytes at a constant tlow rate of 10-12 ml/min.

Dose-response curves were fitted ta the Hill sigmoidal equation, and EC50 as weIl as

IC50 values were determined usingthe software Prism 2.0 CGraphpad, San Diego, CA).

RESULTS AND DISCUSSION

To assess the presence of P2X1+5 heteromers inXenopus oocytes co-injected with both

subunits, we tested the expression of inward currents during prolonged applications (5

10 s) of50 JAM atlmATP, exploiting the fact that homomeric P2Xs channels are almost

insensitive ta this agonist when applied at concentrations below 100 JAM (Fig. 5.1) (Col

10 et al., 1996; Garcïa-Guzman et al., 1996); homomeric P2Xl receptors desensitize

strongly in the first seconds of agonist applications; whereas a slowly-desensitizing res

ponse induced by 50~ atlmATP was observed in oocytes co-injected with P2Xl and

PIDes subunits in a 1:1 cDNA molar ratio (Fig. 5.1). This hybrid phenotype was the un

ambigous trademark of the expression of heteromeric P2Xl+5 receptors. Oocytes ex

pressing P2Xl+5 reœptars showed robust 50 lA.M a~mATP-induced whole-cell currents

with amplitudes in the range of3-15 JA,A. at Vh =-50 mV after 2-5 days of post-injection

time, similar ta currents recorded from oocytes expressing P2Xl alone (Fig. 5.1).

P2Xl+5 reœptars slowly desensitized during agonist applications but showed complete

recovery within 2 min (Fig. 5.2), a noticeable difference with homomeric P2Xs receptors
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that do not desensitize in heterologous systems (Fig. 5.1) (Collo et al., 1996; Garcia

Gllzrnan 4 al., 1996). However, P2Xl+5 receptors (Fig. 5.2-B, D) recovered significantly

faster than P2Xl receptors, the latter recovering less than 50% of their initial response

after 5 min ofwashout (Fig. 5.2-A, C). We noticed slight differences in. the rate of desen

sitization of P2Xl-t5 receptors between oocytes (Fig. 5.2). These phenotypic variations

couldhe due to the expression ofpopulations ofheteromeric channels with different sub

unit stoichiometries, a ceIl-dependent variable that is not controlled in these experi

ments ofco-injections. The kinetic properties ofP2X2 receptors have been shown to he

modulated by protein kinase A activity CChow et al., 1998). Thus, it is possible that in

ter-individual differences in the leveIs ofendogenous kinase activity present in oocytes

couldhave some impact on the properties of desensitization of P2Xl+5 receptors. Fur

thennore, the correlation between the number of P2Xs subunits and the kinetic proper

ties of the oligomeric complex, that has been reported to be a trimer for homomeric

P2X1 channels CNicke 4 al., 1998), is not yet known.

P2X1+5 receptors were challenged with ATP, apmATP, and ADP at varions concentra

tions for comparision with the pharmacology of homomeric P2X1 and P2X5 receptors.

We measured. EC50 values for P2X1+5 heteromers of0.4 ± 0.2 JLM for ATP, 1.1 ± 0.6 JAM

for aflmATP, and 13 ± 4 Jl,M for AnP (Fig. 5.3). These EC50 values were not signi

ficantly different from those obtained with homomeric P2X1 receptors in the sarne ex

perimental conditions, namely, 0.7 ± 0.1 J1M for ATP, 2.4:t: 1 ...,M for aflmATP, and 47 ±

9~ for ADP (Fig. 5.3), in good agreement with previously published data CValera et al.,

1994). Differences in the apparent Hill coefficient nR (cooperativity index) of ADP

activation between P2Xl (nR =4.9 ::l: 2.3) and P2X1-+5 (nR = 1.6 ± 0.8) (Fig. 5.3-C) could

he due to the faet that we record from a heterogeneous population of P2Xr conf:ain jng
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reœptors with varying stoichiometries. Amplitudes ofpeak CUlTents from P2Xs-expres

sing oocytes were too small to carry out complete dose-response curve experiments

with these agonists (Fig. 5.1). No significant differences were observed between P2X1+5

and P2Xl receptors during co-applications of extracellular zinc ions (10 JlM), protons

(pH 6.4), or a1kaHne solutions (pH 8.4) with sub-saturating ATP concentrations (0.1

IJ.M; data. not shown).

Our results suggest that P2Xl subunits confer their high a~mATP sensitivity to the

P2X1+5 heteromers. Another specifie pharmacologïeal property of P2X1 subunits, po

tent inhibitory effects oftrinitrophenyl-ATP (TNP-ATP) (Thomas et al., 1998; Virginio

et al., 1998), is observed in the heteromeric receptors (Fig. 5A-A). In conditions of co

appliCations of TNP-ATP and a~:mATPwithout pre-incubations, we measured IC5()

values of64 ± 14 nM on P2X1+5 and 200 % 120 DM on P2Xl receptors (Fig. 5.4-B). This

subunit association is therefore reminiscent of the association between P2X2 and P2Xs

in which P2Xa is the pharmaeologically dominant component both for a~mATP sensiti-

vity (Chen et al., 1995; Lewis et al.., 1995) and TNP-ATP block (Thomas et al., 1998;

Virginioet al., 1998).

To demonstrate direct associations between P2X1 and P2Xs subunits that underlietheir

assembly in hybrid heteromers, we assayed their physical interactions by co-puri.fying

epitope-tagged suhunits in transfected HEK-293A cells. Purifying P2Xs-HÎS6 on nickel

binding resin in non-denaturing conditions (see Materials and Methods for details) al

lowed the detection ofco-transfected P2Xr Fl.ag inWesternblots (Fig. 5.4, lane C). Reci

procally, P2XrHiss was shown to co-assemble with P2Xs-Flag(Fig. 5.4, lane D). Positi

ve controIs included pseudo-homomeric receptors composed ofP2XrHiss + P2Xr Flag or
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P2Xs-His6 + P2Xs-Flag (Fig. 5.4, lanes A and B). Technical controIs of transfections

with one P2K subunit only or with sham-transfected HEK-293A cells were negative (da

ta not shown).

Peripheral sensory neurons have been reported ta express ATP-gated manDels with a

slow rate of desensitization and a high sensitivity to af3mATP characterized by EC50

values in the low micromolar range (Lewis et al., 1995; and references therein). This

sensory phenotype was thought to he exclusively accounted for by the co-assembly of

P2X2 andP2Xg subunits into heteromeric P2X2+3 receptors (Lewis et al., 1995; Radford

et al., 1997). Alternatively, we propose from our results that slowIy-desensitizing and

afhnATP-elicited responses could he mediated by hybrid P2Xl+5 heteromeric receptors

endowed with the pharmacology ofP2X1 and the kinetics ofP2~. Our data suggest to

use TNP-ATP as a specifie antagonist of P2X1-containing ATP-gated cbannels. In spi

nal motoneurons whereby P2Xa is absent, complete blockade of slowly-desensitizing P2X

responses by 1 J.LM TNP-ATP would indicate the expression ofP2X1+5 heteromeric chan-

nels.

Using subunit-specific polyclonal antibodies, Vulehanova et al. (1996) described a

strong P2Xl immunoreactivity in laminae I-II ofthe spinal corel, corresponding to pre

synaptic labeling of central axon tenninals from dorsal root ganglia sensory neurons.

As P2X2 and P2Xa subunits do not appear to co-assemble in heteromeric channels in

these primary afferents (Vulchanova et al., 1997), a presynaptic localization of P2X1+5

receptors would provide sensory axon terminals with high sensitivity to ATP and slowly

desensitizing voltage-independent calciumentrythat could play a modulatory role in the

release ofcentral neurotransmitters such as glutamate and substance P (Gu and Mac-
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Dermott, 1997). Effects of presynaptic P2Xl+5 receptors on the release of sensory

transmitters can now be experimentally challenged with applications of the blocker

TNP-ATP at low concentrations.

In the central nervous system, an important role for purines in motor systems is dedu

ced both from the distribution of several P2X subunit-encoding mRNAs within cranial

and spinal. motor nuclei (Collo et al., 1996) and from the powerful cellular effects of ex

tracellularATP on motor outflow (Funket al., 1997). More speci.fical1y, a subset oflarge

projection motoneurons in lamina IX of the rat spinal cord has been characterized by

the co-expression ofP2X1 and P2Xo subunits (Collo et al., 1996). We propose from their

functi.onal properties that highly agonist-sensitive P2Xl+5 receptors might provide a

specific exci.tatory function to the control of motrici.ty, by allowing a sustained entry of

• extracellular calcium. into motoneurons in responses to minute amounts of released

ATP.

•
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FIGURE 5.1 Co-expressions of P2X1 and P2Xs (P2Xl+5) yielded slowly-desensitizing

currents which were activated by a~mATP. Whole-cell currents were recorded from

oocytes after nuc1ear injections with P2X1 cDNA a1.one, P2Xs cDNA a1.one, and co

injected P2X1 and P2Xs cDNAs (P2Xl+5) on prolonged 50 (lM aflmATP applications.

Fast desensitizations of afbnATP-induced currents occurred from oocytes expressing

P2Xl receptors alone but not from those co-expressing P2X1 and P2Xs subunits. On the

other hand, P2Xs-expressing oocytes showed weak currents toward 50~ ATP and no

detectable responses to 50 lJM a~mATP applications. Oocytes were voltage-clamped

at Vh=-lOO mV. Bars represent durations ofagonist applications.
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FIGURE 5.2 Desensitization recovery rate comparisions between homomeric P2X1

andhetero-oligomericP2X1+5 receptors. CA) and CD) represent superimposed whole-cell

currents recordedfromindividual oocytes expressing P2X1 CA) or P2X1+5 channels (B)

during 2 applications ofa~mATPsepareated by ditrerent time intervals as indicated. 5

second applications of a~mATP at 1~ for P2Xl and 10~ for P2X1+5 were recorded

at hold.ingpotentials of-100 mV. CC) and CD) represent mean peak currents evoked by

repeated applications of a~mATP for P2X1 CC) and P2X1+5 receptors CD). Currents

were normalized to the first-response value Ct =0) in the same oocyte (n = 5).
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FIGURE 5.3 P2X1 and P2X1+5 receptar sensitivities ta purinergic agonists ATP CA),

a~mATP (B), and ADP CC). For each agonist concentration-current relationship, ave

rage peak cu.rrents were normalized ta 100 (lM ATP responses (average ± SEM from 3

10 oocytes per point). Holding potentials were -50 mV for (A), (B), and -70 mV for CC).
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FIGURE 5.4 Potent blockades of P2Xl and P2X1+5 receptor-mediated responses by

the antagonist TNP-ATP. CA) Representative P2X1+5 currents in conditions of inhibi

tions. (B) Sensitivities ofP2X1 and P2X1+5 responses to TNP-ATP, co-applied with 1

~ a13mATP. Peak currents were normalized ta responses elicited by applications of

10 J.tM a13mATP alone (average ± SEM from 5-8 oocytes Per point). Membrane poten

tials were held at -100 mV.
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FIGURE 5.5 Physical interactions between P2X1 and P2Xs subunits. Soluhilized P2X

proteins from transiently transfected HEK-293A cells were detected on immunoblots

followingpurifications through HiSs-binding Ni-NTA resins. FIag-tagged P2K subunits

associated with corresponding His6-tagged partners were probed with murine M2 (anti

Flag) monoclonal antibodies. Co-purifications as shown are from P2X1-His6 + P2Xr

Fiag in Iane A (positive controIs), P2Xs-His6 + P2Xs-Flag in Iane B (positive controIs),

P2Xs-Hiss + P2X1-FIag in lane C, and P2X1-HisS + P2Xs-Flag in Ian~ D. Indicated

apparent molecular weight markers are in kilodaltons.
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Based upon recent immunocytochemistry reports, ATP-gated P2K ion channels have

been shown to he widelyexpressed within most CNS structures on postsynaptic mem

branes (Lê et al., 1998a). Similarly, these ionotropic receptors have aIso been demon

strated to be selectively expressed presynaptically in various central sensory path

ways, notably within laminae 1 and TI of the dorsal hom of the spinal cord (Lê et al.,

1998a), an anatomical region that processes information from noci.ceptors.

In agreement with the distribution of ATP-gated channels, it has been recently

suggested that P:oc receptors might be involved in nociception processing events

(Burnstock, 1996), confirmed more directly by the existence of ATP-sensitive pain

sensingneurons(Cooket al., 1997). Based upon these observations, the therapeutica1

value of ATP-gated P2K ion channels in pain treatment could be based on future

developments of specific P2K antagonists having potential. analgesic actions (Burnstock,

1996).

However, mo~ATP-gatedion channel structure-function studies have been based upon

rodent P 2K subunits (BueIl et al., 1996b). Further, recent human P2J( c10ning studies

have documented significant functional differences between human and rat P2X

homologs (Barnard et al., 1997). Therefore, with these species-specific differences in

mind, this cloning project was undertaken in an effort to complete the human P2X gene

inventory as weIl as to discover revealing species-dependent differences in terms of

mRNA distribution patterns and functional properties. Henceforth, the whole coding

region ofrat P2Xi cDNAs, as reported elsewhere by Séguéla et al. (1996), was used as a

probe to fish out potential human P2K genes represented in public Expressed-Sequence

Tags (EST) databases.
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A novel member of the ionotropic ATP receptor gene family bas been identified in hu

man brain. This 422 amino aeid-Iong P2X receptor subunit bas 62% sequence identity

with rat P~. Several characteristic motifs of ATP-gated channels are present in its

primary structure, but this P2Xs-related subunit displays a single transmembrane do

main. Heterologous expression ofchimeric subunits containjng the C-tenninal domain

ofrat P2Xs leads ta the formation ofdesensitizing functional ATP-gated channels in.xe
nopus oocytes. The developmentally regulated m.RNA, found in two splicing variant

forms, is expressed at high leveIs inbrain and immune system.

INTRODUCTION

Mamma1ian. P2K receptors belong ta a multigene family ofnon-selective cation cbannels

activated by extracellular ATP. The seven known memhers of the rat P2X family can

he grouped into three functional categories according ta their pharmacological profiles

and ta their proPertïes ofdesensitization. P2Xl CValera et al., 1994) and P2Xs (Chen et

al., 1995; Lewis et al., 1995) are highly sensitive ta a,~-methyleneATP (a~mATP) and

desensitize rapidly; P2X2 (Brake et al., 1994), P2Xs (Collo et al., 1996; Garcia-Guzman et

al., 1996), and P2X7 (Surprenant et al., 1996) do not respond to a~mATPbelow 100 tJ.M

and do not desensitize; whereas P2J4(Bueilet al., 1996; Séguélaet al., 1996; Soto et al.,

1996) and~ (Collo et al., 1996) do not respond to a~mATP,are almost insensitive ta

co-applied non-competitive antagonists sununin and ppAnS, and show moderate de

sensitization. Despite the faet that high levels ofexpression of P2X receptors are obser

ved in many central and peripheral tissues, reinforcing the concept of an important role
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for ATP in intercellular communication (BueIl et al., 1996), much less is known about

their human counterparts. ExcitatoryATP-gated channels play a specific l'Ole in senso

ry systems (Li and Perl, 1995; Bardoni et al., 1997; Lê et al., 1998), therefore the deve

lopment of suhtype-specifi.c P2K antagonists with analgesic properties should take into

account functional. differences between mammalisn species. The reports on the expres

sionofcl.onedhumanP2KorthologsofP2Xl (Valera et al., 1995), P2Xa CGarcia-Gllzman

et al., 1997), P~ (Garcîa-Gl1zmsn et al., 1997), and P2X7 CRassendren et al., 1997)

emphasized both pharmacological and anatomical. specifi.cities that seriously under

mine the relevance of our knowledge based on rodent systems for extrapolation to hu

man fast purinergic transmission. Inan effort to complete the genetic inventory of hu

man ionotropic ATP receptors, we report here the identification, heterologous expres

sion, and anatomical distribution ofa novel member ofthe human P2Kgene family isola

ted from fetal brain.

MATERIALS AND METHODS

Mokcular Cloning and ln Vitro Translation

U sing the TBLASTN algorithm, virtua1 screening ofthe dhEST database (Lennon et al.,

1996) with the whole coding region ofrat P2X4 subunit led. ta the identificationofhuman

fetal brain EST sequences encoding a novel P2K gene (GenBank Accession numbers

TS0104 and Z43811). The clone tagged by EST TS0104 was sequenœd on both strands

and was shown to encode a short splicing variant of human P2K suhunit related to rat

P2Xs ChP2Xsa) (Fig. 6.1). A longer splicing variant ofhP2XsR was detected in RT-PCR

from human cerebellum. mRNA with exact match primers. The EST clone was enginee-
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redto generate the longversion ofhP2XsR (Fig. 6.1), deposited. in Genbank under acces

sion num.ber AF016709. This hP2XsR clone was transferred into the HindllI-NotI sites

of eukaryotic vector pcDNA3 (Invitrogen) for CMV-driven heterologous expression in

HEK-293A cells and Xenopus oocytes. Supercoiled hP2XsR, plasmid was used for in

vitro translationusingthe TnT system with T7 RNA polymerase (Promega) and [35S]

cysteine UCN) according ta the manufacturer's specifications.

Construction ofEpitope-Tagged hP2X5R Suhunïts and Immunolocalization

The hP2XsR subunit was epitope-tagged ChP2XsR.-Flag} to facilitate the immunolocali

zation of the protein both in situ and in Western. blots from transfected marnmalian

cells. The Flagoctapeptide, DYKDDDDK (lB1), was inserted by PCR in the C-terminal

domain of hP2XsR using an antisense oligonucleotide primer designed for the replace

ment ofits natural stop codon by an artificial in-frame XhoI site, TCACTCGAGCAAC

GTGCTCCTGTGGGGCT. Full-length mutant hP2XsR cDNA was amplified in PCR

usingPfu polymerase (Stratagene), then ligated to a XhoI-XbaI cassette containing the

Flag peptide followedbya stop codon (MukeIji et al., 1996) in the pcDNA3 vector.

For transfection of bP2JCsR-Flag subunits, HEK-293A cells (ATCC #CRL-1573) were

growninDMEM-10% heat inactivated fetal bovine serum (Wisent, St. Bruno, Quebec)

containjngpenicillin and steptomycin. Freshly plated cel1s reaching 30-50% conf1uency

.were used for transient transfection using the calcium phosphate method on 90 mm

dishes with 10 lJg supercoüedplasmidl106 cells.

For immunotluorescence, transfected HEK-293A ce1ls (48-72 h post-transfection time)
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were plated at 50-70% conf1.uency in poly-L-Iysine-coated chambers. Adherent cells

were washed in PBS and fixerl. for 20 min at room temperature with 4% paraformalde

hyde in0.1 M phosphate buffer, pH 8.0. After blocking non-specific sites with 2% nor

mal goat serum, fixed cells were incubated with anti.-Flag monoclonal antibody (mAb)

M2 (10 J.&g!ml; mI) for 1 h at room temperature in 0.05 M Tris-saline buffer pH 7.2

contajnjng 0.2% Triton X-lOO, 5% normal goat serum. and 5% dry m.ilk powder. Bound

primary antibodies were detected by immuno:tluorescence after 1 h with Texas red-Ia

beled goat anti-mouse (2 !Jg/ml) secondarY antibodies (lmmunoResearch Labs). For

highresolution analysis ofhP2XsR,-Flag subce11u1ar distribution, we used a Zeiss Laser

scan Inverted 410 confocal microscope equipped with an argon-krypton laser set at 580

nm for Texas red. Serial images (512 x 512 pixels) acquired as single optical. sections

were averaged over 32 scanslframe and processed with the Zeiss CLMS software pac

kage. For Western blots, transfected cells were lifted in Hank's modified calcium-free

medium with 20 mM EDTA, pellete<! at low speed and homogenized in 10 volumes of 10

mM HEPES buffer pH 7.4 containing protease inhibitors phenylmethylsulfonyl fluoride

(0.2 mM) and benzamidine (1 mM). Lysates were pelleted at 14 000 x g for 5 :min to

remove cell debris before protein assay and crude membrane proteins in supernatants

were solubilizedwïthSD8-contain in g loading buffer. About 150 JA,g ofprotein/lane were

nm on 12% SD8-PAGE, then transferred ta nitrocellulose. Immunoprobing was perfor

med with mouse mAb M2 (10 J.tg/ml) followed by peroxidase-labeled secondary antibo-

dies for visualizationby enhanced chemiluminescence (Amersham).

FunctionalExpression ofh-rP2X5 Chimera inXenopus Oocytes

The domain ofhP2XsR, conta;n;ng amino acids 1-318 was fused to the PCR·amplified do-
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main corresponding to amino acids 318-455 of rP2Xs using the natural BamHI site of

hP2XsR to generate the chimera h-rP2Xs. Oocytes surgically removed from mature X"e

nopus laevis frogs were treated for 3 h at room temperature with type II collagenase

(Gibco-BRL) in Barth's solution under agitation. Selected stage V-VI oocytes were de

follicu1ated chemically before nuclear micro-injections (Bertrandet al., 1991) of 10 Dg of

cDNA ofhP2XsR, or h-rP2Xs chimera in pcDNA3 vector. After 2-5 days ofexpression at

19 oC in Barth's solution containing 10 J.tg/ml gentamicin, oocytes were recorded in a

two-electrode voltage-clamp configuration using an OC-725B am-plifier CWamer Instru

ments). SignaIs were acquired and digitized at 500 Hz using a Macintosh IIci equipped

with a AID card NB-MIü16XL (National Instruments) then traces were post-filtered at

100 Hz inAxograph (Axon Instruments). Agonists dissolved in Ringer's solution contai

Ding 115 mM NaCI, 2.5 mM KCI, 1.8 mM CaCl2 in 10 mM HEPES pH 7.4 at room

temperature were applied onto oocytes by perfusion in constant f10w (12 mVmin).

RT-PCR Detection ofhP2X5R mRNAfrom Human CerebeUum and Lymphocytes

Total RNA from post-mortem adult human cerebellar cortex and adult lymphocytes

were isolated using Trizol reagents (Gibco-BRL). Then 5 j.lg of each RNA was subjected

to random-primed reverse-transcription with Superscript (Gibco-BRL). Around 100 ng

ofRT-cDNA was used as templates for PCR with the following primers, forward, TTeG

ACTACAAGACCGAGAAGT (Pl, see Fig. 6.1-B), and reverse, CTTGACGTCCTrCAC

ATTGT cP2) ta amplify the region corresponding to nucleotides 75-671 around the spli

ci.ng event, as weil as forward GAGGCCGAAGACTTCACCAT (pa) and reverse CCTC

GTACTTCTTGTCACGG (P4) ta detect the expression of a complete second transmem

brane domain (M2). Non-RT samples amplified in the same cOnditions provided the ne-
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gative controls. Integrity and representative ofRT~cDNAwere checked by amplifica

tion ofhP2X7 subunit message (Rassendren et al., 1997) and hP2X4 message (Garcia

Guzman et al., 1997) with appropriate primers in lymphocytes and in cerebellum, res

pectively (data not shown).

Distribution ofhP2XsR Transcripts in Human Tissues

Known amounts of mRNA blots corresponding to equivalent transcription levels of

housekeeping genes from various fetal and adult human tissues (Masterblot, Clontech)

were probed with full~lengthrandom-primed [S2p]-hP2XsR cDNA at high stringency (fi~

nal elution at 65 oC in0.3 x SSC buffer). Hybridization signals were quantitated using a

Storm phosphorimager and the ImageQuant application CMolecular Dynamics) before

substraction ofhackground and normaIization oftranscription levels.

RESULTS AND DISCUSSION

The longest reading frame ofhP2XsR cDNA encodes a protein of 422 amino acids that

displays 62% sequence identity with rP2Xs and severaI unique motifs conserved in all

P2K receptor subunits (Fig. 6.1). In the intracellular N~termjna] domain, hP2XsR dis~

plays a highly conserved threonine residue (Thr18), potentially susceptible to phospho

rylationby protein kinase C. In addition, a serine residue (Serl2) is found in a consensus

site for phosphorylation by casein kinase II. In the putative extracellular domain of

hP2XsR, alllO cysteine, all proline, 91% of glycine, and 75% of lysine residues are pre

sent at homologous positions in all P2X subunits, indicating their critica1 roles in the fol~

ding and fonction ofthis sensor region. We checked the real position of the predicted
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stop codon by in vitro translation as weIl as Westem. blot assays (Fig. 6.2). The recom

binant subunit and its epitope-tagged mutant migrate at a A4 of49 ± 2 kDa and 51 ± 2

kD~ respectively, in agreement with the calcu1ated MW of47 kDa for wild-type hP2XsR

(Fig.6.2-B). At least one ofthe 3 N-linked glycosylation consensus sites present in the

extracellulardomain ofbP2XsR isused, according to the difference ofJ4 (up to Il kDa)

between in vitro translated hP2X5R and hP2XsR expressed in transfected HEK-293A

cells (Fig. 6.2-B,C). The multiple bands observed in Western blots from transfected

cells could he due to the co-expression ofsevera! glycosylated forms of hP2XsR (Fig. 6.2

B).

The integrity of the protein was also checked by detection ofheterologously expressed

epitope-taggedhP2X5R mutants using in situ immunot1.uorescence (Fig. 6.2-A; Fig. 6.3).

Analysis of the subcellular Iocalization ofhP2Xs&-Flag in HEK-293A cells using confo

cal microscopy indicated a correct targeting of the subunit to the plasma membrane

(Fig. 6.3), quantitatively similar to the surface distribution of the functional P21( recep

tors rP2XrFlag and rP~-Flag(Lê eL al., 1998). When expressed in Xenopus oocytes,

homomeric bP2XsR cbSDDels do not respond ta extracellular ATP applied at concentra

tions up ta 1 mM. However, the chim.erah-rP2Xs, made of the N-terrninal domain of

hP2XsR linked to the C-terminal domain of rP2Xs, revealed the formation of cationic

ATP-gated ion cbsDDels (Fig. 6.4). These cbsnnels run down rapidly and do not recover

fullyfrom desensitization after extensive washing of agonist lasting several minutes in

constant perfusion (Fig. 6.4). Therefore, despite the high sequence similarity with non

desensitizingwild-typerP2Xs (62%), this chimeric cbannel displays a unique functional

property not found in any other known homomeric or heteromeric subtypes. These da·

ta suggest that kineti.cs ofdesensitization ofP21( chsnDels are dependent on subtle rules
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ofcomplementaritybetween the N- and the C-termin al halves ofthe subunits, as has

been shown for P2X1 andP2X2 (Werner et al., 1996).

We observed the expression of a splicing variant identified in fetal and adult brain by

RT-PCR (Fig. 6.5), differing from the long form of hP2XsR, by the absence of a cassette

of24 amino acids, corresponding to the domain Gly97-Glul2O (Fig. 6.1). This cassette

contains one ofthe 10 extracellular cysteines, so the expression ofthis short variant is

due to either to sorne inaccuracy in the intron/exon splicing mechanisms or to some

functi.onal regulation. Interestingly, the region inc1uding amino acids Ala328_Ala349 :in.

rP2Xs, corresponding 10 the pre-M2 region and the outer mouth of M2s in other P2K:

receptor subunits CRassendren et al., 1997), is consistently absent in hP2XsR m.RNAs

from brain and lymphocytes, despite the high sensitivity of the RT-PCR method used

andthe high leveIs ofexpression inbath tissues (Fig. 6.6). Furthermore, attempts to de

tect a variant ofhP2XsR with a complete M2 failed in tissues where homologous rP2Xs

bas been localized by in situ hybridization (Collo et al., 1996), like spinal cord and trige

minaI sensoryganglia (datanot shown).

To assess the anatomical distribution, we measured the relative leveIs of transcription

ofthe hP2~Rgene in quantitative mRNA dot blots. Hybridization signals from a varie

ty offetal and adult tissues showed widespread but selective distribution ofcentral and

peripheral hP2XsR, transcripts (Fig. 6.6). The two systems primarily involved in the

processing ofextracellular information, i.e., the central nervous system and the immune

system., show highest levels of hP2XsR expression. We measured a dramatic develop

mental down-regulation ofhP2XsR mRNAs in the thymus from the fetal to the adult

stage (Fig. 6.6) that couldbe related to the massive apoptosis of immature thymocytes
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oocurring during negative selection (King and Ashwell., 1994). P2Xl m.RNA has been

found to he upregulated during the apoptosis of immature thymocytes (Owens et al.,

1991) so the distribution ofhP2XsR argues strongly for an important role of P2X recep.

tors in clonaI: deletion ofimmune cells. With. only one transmembrane region, the struc

ture ofhP2XsR is reminiscent oftyrosine kinase receptors CBarbacid, 1994). We specu

late that hP2XsR couldbe activated by the binding ofan unidentifiedextracellularligand

or couldhe involved in the regulation ofchannel subunit interactions bath in the brain

and in the immune system.

TherP~ is the neuronal subunit with the most limited distribution, so one striking

difference between rat and human P2X receptor genes is the high expression ofhP2XsR

in the brain and in peripheral tissues. The developmental regulation of levels of

transcription and the tissue specificity observed in mRNA splicing do not seem compa

tible with the expression of a processed pseudogene <Maestre et al., 1995). However, it

is possible that undetected splicing variants of hP2~Rwith two transmembrane

domains would form functional human PIDes chanDels in homomeric form. or assemble in

heteromeric complexes in specifie eell types. In any case, as has been described in

other classes ofmu1timeric integral proteins, i.e., the neurotrophin receptors (Altabefet

al., 1997), the steroid receptors (Eide et al., 1996), and voltage-gated K chanDels (Jiang

et al., 1997), the regulatory effect of a dominant negative truncated hP2XsR subunit on

human heteromeric ATP-gated charmels remains to he investigated.
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FIGURE 6.1 Molecular cloning ofa novel member of the human P2K ATP gene family,

hP2XsR. CA) Nucleotide sequence and ORF domain. Potential intraceI1ular phosphory

lation sites are indicated as weIl as cysteine residues Cbold) and N-glycosylation sites

• (italics) in the putative extraceI1ular domain of the subunit. The spliced domain of 24

amino acids (Gly97-Glu120), absent in the short variant fram brain, is boxed. The

putative splicing site ofmissing M2 sequence is indicated by the arrowhead.. CD) AIign

ment ofhuman and rat P2Xs amino acid sequences and positions of PCR primers based

on hP2XsR primary structure.

•
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FIGURE 6.2 Heterologous expression and immunodetection ofhP2XsR subwrits. (A)

In vitro translations of recombinant wild-type (1) and Flag-tagged hP2XsR (2). (B) De-

• tections in Western. blots of epitope-tagged hP2XSR (1) and ratp~ (2) from transfec

ted HEK-293A cells.

•
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FIGURE 6.3 Subcellulardistribution ofhP2XsR subunits expressed in HEK-293A cells

using confocal microscope immunofluorescence. Arrows indicate the localization of

hP2XsR subunits on the plasma membrane.
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FIGURE 6.4 Functional expression ofthe chimera h-rP2Xs inXenopus oocytes. Fast

• and desensitizing inward currents evoked by 100 (.lM extracellular ATP were recorded

after 2-5 days ofexpressions in two-electrode voltage-clamp configurations (holding po

tential Vh=-100 mV). Repeated applications ofagonists at time to + 500 s or to + 700 s

showed. profound desensitizations ofthe chimeric ATP-gated channels.

•
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FIGURE 6.5 hP~ transcripts are expressed in two alternatively spliced forms in

human brain as detected in RT-PCR amplifications Gane l, primers Pl and P2). The

full-Iength form is predorninantly found in lymphocytes (1ane 3, primers Pl and P2).

Both hP2XsR, mRNA populations from brain Gane 2, primers P3 and P4) and lym

phocytes Gane 4, primers P3 and P4) encode subunits with a single transmembrane

domain.
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FIGURE 6.6 Relative levels ofexpressions ofcentral. and peripheral hP2XsR, mRNA in

human fetal (shaded bars) and adult tissues using hybridiz8:tion of a full-Iength cDNA

probe on poly(A)+ RNA blot.
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The present Thesis illustrates the use of a multidisci.pIinary approach based on mole

cular biology, protein chemistry, and electrophysiology to characterize recombinant

ATP-gated P2K cation channels. Our work covers investigations on central. P2X: immu

nocytochemistry (Lê et al., 1998a), novel heteromultimeric P2X subunit interactions (Lê

et al., 1998b; Lê et al., 1999), and human P2X primary sequence (Lê et al., 1997). These

studies might open new avenues sncb. as developments oftherapeutical compounds tar

geting P2K receptors to he pursued in future research programs.

SENSORYPRESYNAPTIC AND WmESPREAD SOMATODENDRITIC IMMUNOLOCALIZA

TION OF CENTRAL IONOTROPIC P2X ATP RECEPTORS (Lê et al., 1998a) - Polyclonal

anti-P2}4 antibodies, raised against the intraœnular C-terminal domain of P2}4 sub

units, were affinity-purified and validated through in situ immunotluorescence and pro

tein blotting methodologies performed on transiently transfected HEK-293A cells ex

pressing either wild-type P2)4 proteins or various epitope-tagged P2K constructs,

namely, C-terminal domain Flag-tagged P2X1 and P2X2 as weIl as P2X.t mutants. In

Western blot, affinity-purified anti-P2J4 antibodies recognized a protein migrating at a

relative molecular weight close ta 60 kDa from protein homogenates prepared from

either heterologous expression systems or brain extracts. On the other hand, both

P2Xr Flag and P2XrFlag were not recognized by anti-P2X4 antibodies, yet, these con

structs were detected with monoclonal anti-Flag M2 antibodies. These data validated

the subunit specificityofour affinity-purified rabbit polyclonal anti-P2J4 antibodies and

they demonstrated that P2)4-contain in g receptors were widely but variably expressed

within various brain regions. Our regional P2X4 protein mapping results from brain

homogenates was in good correlation with and extended what bas been described pre

viouslyusing in situ hybridization data.
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Furthermore, cellularp~ channel expression patterns were determined by immuno

cytochemical studies at the light microscope leveI. First, P2J4 receptor expression pro

files withinboth brain and spinal cord were observed to he widespread thereby corro

borating previously reported in situ hybridization results regarding P2X4 mRNA distri

bution patterns (Bo et al., 1995; Bueil et al., 1996a; Collo et al., 1996; Séguéla et al.,

1996). Second,P~protein immunoreactivity was found to he predornjnsntly on post

synaptic structures thereby demonstrating that fast purinergic neurotransmission can

he mediated through natively expressed ATP-gated P2K channels as previously sugges

tedbyelectrophysiological recordings from various brain loci such as medial habenular

neurons Œdwards et al., 1992), hippocampal CA3 suhiields CRoss et al., 1998), and cere

beIlar Purkinje cells (Mateo et al., 1998), spinal cord dorsal horn (Jahr and JesseIL 1983;

Bardoni et al., 1997; Gu and MacDermott, 1997), and sensory neurons (Lewis et al.,

1995; Khakh et al., 1995; Cook et al., 1997; Gu and MacDermott, 1997; Khakh et al.,

1997).

Although widespread postsynaptic P2J4 protein expression patterns were obvious from

our immunocytochemical results, yet, P2)4 immunoreactivity was aIso present on the

presynaptic side in discrete brain and spinal cord loci. For instance, presynaptic P2X..t

containing receptors were localized in the olfactory bulb thereby strongly suggesting

that ATP mighthe involved inmodulatory and/or sïgnaJing function in olfaction sensory

processing events. Presynaptic P2X..t cbanDel expression was aIso observed in the dor

sal horn of the spinal cord, more speci:fically in lamjnse 1 and n, ceIllayers known to

relay and process various sensory modalities sncb. as nociception. Indeed, P2K recep

tors have been previously observed ta he capable of modulatory fonctions (Li and Perl,

1995; Gu and MacDermott, 1997). Therefore, our experimental data about P2Xt, presy-
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naptic protein expression profiles within selective sensory pathways directly strengthen

the view that native presynaptic P2K receptors modulate neurotransmission (Li and

Perl, 1995) through regulation ofneurotransrnitter release events (Fu and Poo, 1991;

Sperlagh andV~ 1991; Sun and Stanley, 1996; Cook et al., 1997; Gu and MacDer

mott, 1997).

Moreover, other studies have reported the immunolocalization ofP2Xl CVulchanova et

al., 1996), P2X2 (Kanjhanet al., 1996; Vulchanova et al., 1996; Vulchanova et al., 1997),

P2Xa (Cook et al.., 1997; Vulchanova et al., 1997; Bradbury et al., 1998; Vulchanova et

al., 1998), and P2X7 (Collo et al., 1997) and these results are corroborated the in situ hy

hridization data (Collo et al., 1996). These studies have also documented presynaptic

proteinexpressionofneuronalP2X1 (Vulchanovaet al., 1996), P2X2 (Vulchanovaet al.,

1996; Vulchanova et al., 1997), and P2Xa subunits (Cook et al., 1997; Vulchanova et al..,

1997; Bradbury et al., 1998; Vulchanova et al., 1998) in sensory pathways. Taken alto

gether, ail immunocytochemical studies are consistent with the concept of presynaptic

P2K localization (Lê et al., 1998a), strongly suggesting that sensory inputs, for instance,

olfaction and nociception, could he regulated by presynaptic ATP-gated P2K ion chan

nels. Consistent with this role of neuromodulator of P2X receptors, it has been pre

viously demonstrated that cholinergic presynaptic nerve terrnin als from chicken ciliary

ganglia were exhibiting ionotropic purinergic responses, believed to he of P2X nature,

elicitedbyATP applications (Sun and Stanley, 1996). Similarly, extracellular ATP bas

recently been shown to modulate presynaptic glutamate release from DRG axon termi

nals onto spinal cord neurons in co-culture preparations (Gu and MacDermott, 1997).

It has also been reported that ATP enhanced spontaneous acetylcholine releases from

developingXenopus neuromuscu1ar synapses (Fu and Poo., 1991). Moreover, ATP bas
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also been suggested to he directly involved in the potentiationofevoked acetylcholine as

well as noradrenaline releases from axonterrnina1s innervatingguin.ea pig ileum muscle

strips (Sperlagh andVizi, 1991).

Althoughwe demonstrated thatp~ is widely expressed on postsynaptic membranes

as weIl as selectivelyexpressed on nerve terrninals in sensory systems, yet, native P2K

activity recorded from various brain and spinal cord preparation bas been shown to he

sensitive to a~mATP. Strikingly, all central P2K responses recorded from various brain

loci have been observed to he sensitive to suramin and/or ppAnS blockade (Barnard. et

al., 1997). Therefore, the problem of the native central P2K subunit composition re

mains, as yet, ta he solved. Accordingly, our second manuscript (Lê et al., 1998b) ad

dressed this issue by docum.enting a novel P2K channel phenotype characterized by

pharmacological. profiles corresponding more closelyto central. P2K responses.

CENTRAL~ AND P2Xe CHANNEL SUBUNITS Co-AsSEMBLE INTO A NOVEL

HETEROMERIC ATP RECEPTOR (Lê et al., 1998b) - We used in this studyan in uitro

electrophysiological recording method to assess the association betweenp~ and P2~

subunits through protein expression time-courses and pharmacological profiles using

purinergic agonists and P2 antagonists as weIl as various co-factors known to modulate

P2K channel responses. Xenopus oocytes expressing homomultimericP~ or P2X6

channel subunits were compared to those co-expressing both ofthese predominant and

overlappingbrain. P:oc receptor isoforms. We confirmed with. direct experim.ental eviden

ce that P2~andP~ channel submrits physically interaet through the use of an esta

blished arpurification assay (Tinker et al., 1996) from mammaHan HEK-293A cells co

expressingbath subunits.
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The most striking observation from this study was the faet that P2~ heteromulti

merie channels were consistently giving tise to peak current amplitude values, in res

ponse to ATP applications, severaI. foid higher than P2X4 homopolymerie receptors af

ter three days of expression. SimilarIy, recorded a~mATP responses from Xenopus

oocytes co-expressing P2Xi and P2~ subunits were signifieantly larger than. those ex

pressing P2X4 ehannels alone after two days ofexpression. These observations, coupled

ta our data on similar potency and effieacy of ATP for P2~ andP~ phenotypes,

strongly suggest that P2J4 and. P2Xs suhunits assemble into quaternary complexes en

dowed with more stability than either subtype expressed alone. Consistent with this

ide~most ligand-gated as weIl as voltage-activated ion channels are assembled from

heteromultimeric subunit proteins rather than homopolymerie receptors (Green and

Miller, 1995).

We then used purinergie agonists as pharmacologieal tools to further substantiate the

existenee ofP~ cbanDels, notably a~mATP. As opposed ta ATP, both af3mATP and

2MeSATP were significantly more patent as weIl as more efficacious on oocytes eo-ex

pressing P2X4 andP~ subunits than on those expressing P2X4 receptors alone. The

present manuscript therefore provided a novel moderately desensitizing a~mATP-sen

sitive phenotype mediated byP2~ channels. The other two known af3mATP-sensiti

ve phenotypes were the rapidly desensitizing homopolymeric P2X1 (Valera et al., 1994)

and P2Xg (Chen et al., 1995; Lewis et al., 1995) and the non-desensitizing heteromulti

merie P2X2+3 reœptors (Lewis et al., 1995; Radfordet al., 1997).

Aœordingly, native a~mATP-elicitedresponses previously documented from most cen

tral preparations might he in faet mediatedbyP~ reœptor phen~typeswithinbrain
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andspinal cordloci.lacking P2X2 subunits CBrake et al., 1994; Colla eL al., 1996; Kanjhan

et al., 1996; Vulchanova et al., 1996; Vulchanova et al., 1997). Further, P2X1 does not

seemto he present within the adult rat brain evalera eL al., 1994; Colla et al., 1996; Vul

chanova et al., 1996), while P2Xa is only expressed inprimary sensory neurone (Chen et

al., 1995; Lewis et al., 1995; Colla eL al., 1996; Cook eL al., 1997; Vulchanova et al., 1997;

Bradburyet al., 1998; Vulchanova et al., 1998).

In addition to the media!. habenula, the hippocampus, and the cerebellum (Lê et al.,

1998b), numerous other central preparations known ta express only P2~ and P2Xs

(Collo et al., 1996) have also been observed ta respond ta a~m.ATP applications. Hypo-

thalamic neurone from the tuberomammillary nucleus, mainly expressing P2)4 and

P2X() transcripts (Collo et al., 1996), were found ta he activated by aflmATP (Furuka-

waet al., 1994). Second, although it was concluded that observed ionotropic purinergic

responses from the hindbrain solitary tract nucleus were med.iated by P2Y receptors

(Ueno et al., 1992), in hindsight these observations were most likely due to P2~

channels. Thini, aflmATP bas been shown ta elicit fast responses from medial vestibu-

lar neurons (MVN) (Chessell et al., 1997). Consistent with the presence of P2X4+6 hete

romultimers presented here, it was concluded that MVN P2K phenotypes must have

resulted from channel subunit heteropolymerization with unknown isoform composition

(Chessell et al., 1997). Lastly, locus coeruleus neurons also transcribe P2X2 mRNAs in

addition to P2Xt and P2XEi transcripts (Collo et al., 1996), yet, these neurons were

shown to respond ta af\mATP concentrations (Harms et al., 1992; Shen and North,

1993) known ta be inactive on homomultimeric P2X2 (Brake et al.. , 1994) and P2X.4 (Bo

et al., 1995; Buell et al., 1996a; Séguéla et al., 1996; Soto et al., 1996a; Wang et al.,

1996) as weIl as onP2~ receptors (Collo et al., 1996; Soto et al., 199Gb).
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In addition to these supraspinalloci responding ta a~mATF applications; spinal cord.

dorsal hornlarninae 1 ta m were shown to be sensitive to this ATP analog, albeit

amounting to a small proportion vis-à-vis Deurons resplndingto ATP applications (Bar

doniet al., 1997). Lamina m was reported to be devoid of any P:oc transcripts (Collo et

al., 1996). On the other band, from our resu1ts, P2X4 proteins are expressed both post

and presynapticallywithin lamina II (Lê et al., 1998a).. Conversely, P2X2 was shown ta

he transcribed in lamina II (Collo et al., 1996), however, P2X2 protein expression at this

locus rernains to he established due to contradictory findings (Vulchanova et al., 1996;

Vulchanova et al., 1997). AlthoughP~ protein loca1ization data remain, as yet, ta he

published, the sensitivityto a~mATPinlarnjnse 1 and II ofthe spinal cord could he due

toP~ receptors.

It bas aIso been reported that a few supraspinal as weIl as spinal cord preparations did

not respond ta a~mATPapplications., notably neonatal cerehellar Purkinje ceUs (Mateo

et al., 1998) and most neurons in superficiallayers within spinal cord dorsal horn

neurons (Bardoni et al., 1997). This apparent unresponsiveness to a~mATP in neurons

(Bardoniet al., 1997; Mateo et al., 1998) expressing predominsntly PID4 and/orP~

(Collo et al., 1996; Lê et al., 1998a), could be explained by a) the weak efficacy of

af:3mATP in comparision ta ATP in eliciting ionotropic responses mediated by hetero-

multimeric P2X4t6 receptors, based upon our in vitro observations from the present

study (Lê et al.., 1998b) and/or b) the expression of P2X4 homomers or other associa

tions of either P2Xt or P2~ or P2~ with novel subunits, notably P2X2+4+ô or

P~.

P2 antagonists such as suramin, PPADS, and RB-2 were aIso used to differentiate ho-
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mopolymeric P2Xt receptor phenotype from heteromultimeric P2Xt.t6 channel species.

Indeed,Xenopus oocytes co-expressing P2Xt and P2Xs subunits were found to he signifi

cantly more sensitive ta suramin., ppADS, and RB-2 blockade than cells expressing

P2J4alone.

Consistent with these data, aIl central P:oc phenotypes, notably from various supra

spinal regions known ta contain. onlyP~ andP~ mRNA transcripts and proteins

(Collo et al., 1996; Lê et al., 1998a), rePOrted to date have been shown to be blocked by

suramin and/or PPADS (Barnard et al., 1997). For instance, media! habenular, hipPO

campaI. CA3 subfield, and neonatal Purkinje neurons exhibiting P2X: responses were an
shown ta be antagonized by either suramin or ppADS Œdwards et al., 1992; Mateo et

al., 1998; Ross et al., 1998). Similarly, cells from tuberomammjlIary and solitary tract

nuclei as weIl as MVN neurons mediating ATP-elici.ted ionotropic responses were also

reported to he sensitive to P2 antagonist block (Ueno et al.., 1992; Furukawa et al.,

1994; Chessell et al., 1997). P2 antagonists cannot he used to infer natiVE P2K subunit

composition from locus coeruleus neurons (Harms et al., 1992; Shen and North, 1993)

since these cells are known to express P2X2 subunits generating receptors sensitive to

suramin.., ppADS, and RB-2 (Brake et al., 1994; Bueil et al., 1996b).

Another significant contribution from the present study consisted ofproviding a bioche

mica! assay used to directly demonstrating subunit-dependent interaetion bewteen

P2Xt andP~ subunits. Further, this protein expression system used for co-purifica

tionconstituted the first mammaJian œIl assay used. for such purposes within the P2K

field. Conversely, physical interaction between P2X2 and P2Xa isoforms was demon

strated through a co-immunopreci.pitation assay from the invertebrate st'!} ceU expres-
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sion system (Radford et al., 1997), which is known for artifacts of protein over-expres·

sion giving rise to potentia1ly irrelevant protein complexes (RA North, persona! com

munication). So far, we have docum.ented regional, cellular, and subcellular protein

localization of a predomjnant P2K subunit within bothbrain and spinal cord as weIl as

provided a potential solution bridging apparent discrepancies between native central

responses observed in various supraspinal preparations and recombinant receptors.

However, P2Kchannel subunit composition within spinal corel ventral horn cells remain

ta be estahlished. Spinal motor neurons are known to express predomjnan t1y P2X2,

P2)4, andP~ transcripts as well as P2X1 and P2Xs mRNAs at significant leveis

(Collo et al., 1996).

FUNettONAL AND BIOCHEMICAL EvIDENCE FOR HETEROMERIC ATP-GATED

CllANNELS COMPOSED OF P2X1 AND~ SUBUNITS (Lê et al., 1999) - We have

reported in this study another heteromultimeric P2K subtype assembled from P2Xl and

P2Xs subunits. This conclusion based upon both pharmacologïcal profiles and channel

kinetics fromXenopus laevis oocytes co-expressing both subunits compared to those ex

pressing either subunit aIone, as weIl as on biochemical assays in transfected HEK

293A ceIIs demonstrating mutual subunit-specific interaction between P2Xl and P2Xs

channeIs. These observations were corroborated by a recent report on the co-assembly

between P2Xl and. PIDes subunits·where heteromultimeric P2X1+5 reœptors were shown

to displaya P2Xr subtype pharmacology (a~mATP sensitivities) and a P2Xs-Iike chan-

nel kinaties (non-desensitizing) from transiently transfected HEK-293 cells (Torres et

al., 1998b).

Based upon observed similarities between P2K responses in HEK-293 cells co-expres-
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sing P2X2 and P2Xa subnits and nodose neuronsy in terms of phannacological and chan

nel kinetic properties, it was then suggested that these native a~mATP-elicite~yet

non-desensitizing responses must have been mediatedby heteropolymeric P2X2+3 chan

nel complexes since these properties could not be accounted for by either homomul

timeric P2X2 or P2Xg subtypes (Lewis et al., 1995). Direct physical association he

tween P2X2 and P2Xg subunits was subsequentlyreported CRadford et al., 1997). It was

also hypothesized that previously documented P2K responses from dorsal root ganglion

(DRG) cells (Krishtal et al., 1983; Krishtal et al., 1988; Bean, 1990; Khakh et al., 1995)

might have been also mediated by hetero-oligomerïc P2X2+3 receptors (Lewis et al.,

1995; Radford et al., 1997).

Indeed, recent immunocytochemistry data have indicated co-loca1ization of P2X2 and

P2Xg subunits within nodose cell bodies as well as their central terminaIs CVulchanova

et al., 1997). However, a recent study has observed that nodose neurons expressed

other P2K subtypes than P2X2+3-like subtypes with unknown subunit composition (Tho-

.mas et al., 1998). Moreover, DRG neurons have been shown to co-express P2X2 and

P2Xa proteins only at their cell bodies but not at their central axon terminals ID aking

synapses in the spinal cord CVulchanova et al., 1997). These observations, coupled ta

the faet that a) sensory neurons have been reported to transcribe P2X1 and P2Xs

tn.aNAs (Colla et al., 1996) and b) P2Xl subunits have been shown ta be expressed

presynaptically within the dorsal horn of the spinal cord (Vulchanova et al., 1996)

strongly suggested that heteromultimeric P2Xl+5 reœptors studied from in vitro assays

(Torres et al., 1998b; Lê et al., 1999) might he expressed by central terminaIs ofDRG

neurons. Besides P2X1 (Vulchanova et al., 1996) and P2X2 (Vulchanova et al., 1996;

Vulchanova et al., 1997) as well as P2Xa CVulchanova et al., 1997; Bradbury et al.,
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1998; Vulchanova et al., 1998), P2X4 proteins was aIso shown to be expressed on the

presynaptic side within the dorsal horn ofthe spinal cord (Lê et al., 1998a), yet, P~

subunits have heen reported not ta interact with either P2Xl (Lewis et al, 1995; Lê et

al., 1998b; Torres et al., 1999), P2X2 (Lewis et al., 1995; Torres et al., 1999), or P2Xg

subunits (Lewis et al., 1995; Torres et al., 1999) further strengthening the hypothesis in

favor of hete1"Opolymeric P2X1+5 receptors mediating P2X2-f.Olike phenotypes in. nodose

0011 bodies and central tenninsJs (presynaptic) as weIl as in. DRG processes synapsing

onto the dorsal horn ofthe spinal card (presynaptic).

Interestmgly, it has recently been shown biochemically that P2Xl and P2X2 as weIl as

P2Xa andP2Xs couldformheteromultimeric complexes leadingto P2Xl+2 and P2Xa...s re

ceptors, respectively (Torres et al., 1999). Conversely to P2Xl+5 (Torres et al., 1998b;

Lê et al., 1999) and P2X2+3 channel phenotypes (Lewis et al., 1995), P2Xl+2 receptors do

not give rise ta novel functional properties that could not have been accounted for by

either homopolymeric subunits (Lewis et al., 1995). On the other band, functi.onal. pro

perties ofheteromultimeric P2Xa+s channels (Torres et al., 1999) remain to he investi

gated. TNP-ATP couldhe used to trace, functionally, the presence of heteromultimeric

P2Xa+s receptors, assnming that co-assembly between P2Xa and P2Xs subunits would

displaya P2X2+3-like phenotype.

On the same token, TNP-ATP could be used as a potent pharmacological tool, based

upon our observations (Lê et al., 1999), to assess whether DRG central terrninaJs, espe

cially those lack:ing P2X2 and P2Xa protein co-Iocalization (Vulchanova et al., 1997),

express P2X1+5 receptors natively. The sarne argument could be used to screen whe

ther motoneurons ofthe ventral horn of the spinal cord possess P2X1+5 chsnnels, since
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it bas been shawn. that these two subunits were predorninantly transcribed in an over

lapping fashion in tbis population (Collo et al., 1996). Both P2X2 andP~ have been

shown. to he much less sensitive te TNP-ATP block than P2Xh P2Xa, P2X2+3 (Virginio et

al., 1998) or P2Xl+5 reœptors (Lê et al., 1999).

It is clear now, that overlapping presynaptic expression patterns between any given

P2K subunits would not necessary warrant co-assembly. The oost example is P2Xa and

P2X.4 (Lewis et al., 1995; Torres et al., 1999) both of which are expressed presynaptica1

lywithinJarnina IIofthedorsalhomofthe spinal cord CBradhuryet al., 1998; Lê et al.,

1998a; Vulchan.ova et al., 1998). Alternatively, both P2X1 and P2X2 receptors have

been reported to display overlapping presynaptic expression profiles (Vulchanova et al.,

1996) and they have been shown. ta interact together biochemically (Torres et al.,

1999), yet, their assembly does not generate receptors displaying hybrid functional pro

perties distinct from either homomultimeric P2Xl or P2X2 subunits (Lewis et al., 1995).

Onthe other band, observed variabilities in P2K responses in terms of TNP-ATP ICso

values recorded. from nodose cells (Thomas et al., 1998) might he due to heterogeneous

populations ofhomopolymeric as weil as heteromultimeric P2X2+3 receptors composed

ofdifferent P2X2 and P2Xa subunit stoichiometries. However, these variable responses

to this antagonist have not been observed in HEK-293 cells co-expressing P2X2 and

P2Xa isoforms (Virginio et al., 1998) strongly suggesting contributions ofother homo- or

hetero-oligomeric complexes composed of other P2K subunits besides P2X2 and P2Xa

proteins such as P2X1+5 (Torres et al., 1998b; Lê et al., 1999).

PRlMARY STRUCTURE AND ExPRESSION OF A NATURALLY TRUNCATED HUMAN

P2XATP RECEPTOR StJBUNlT FROM BBAIN AND IMMUNE SYSTEM (Lê et al., 1997)
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- This project was undertaken in an effort to complete the inventory of human P2X

gene family members. rP2Xs-encoding transcripts have been shown to he the most

rare mRNAs among aIl rP2X: subunits, thereby, renderingthe cloning ofhP2XsR mteres

tingboth in terms of species-dependent properties as weIl as regional distribution diffe.

rences.

Our most surprising observation has been the predicted primary structure of hP2XsR

displaying onlyone transmembrane domain. Indeed, hP2XsR bas been observed to be

non-functionalinXenopus laevis oocytes despite the fact that this protein is properly

targeted to the plasma membrane of transiently transfected HEK-293A cells. Based

upon these results, it would be interesting to know if hP2X1 interacts with. hP2XsR,.

More specificaI1y, should hP2Xl+5R, exist then what would be the resultant pheno

type(s)? Could hP2XsR act as a natural dominant negative mutant affecti.ng thereby

channel function within complexes containing other functional P2X: subunits?

Another significant difference between rP2Xs and hP2XsR has been round at the level of

the distribution ofhP2XsR mRNAs. In other words, as opposed to rP2Xs, hP2XoR has

been determinEtd to be transcribed both within central nervous as weil as in various

immune tissues. Sïmilar to the present case whereby transcript distribution bas been

found to he species-dependent between mammals, hP2Xm (the ortholog ofrP~) has

been reported to be found only within skeletal muscle (Urano et al., 1997) whereas

rP2Xs has been docum.ented as having a much more widespread distribution pattern

(Collo et al., 1996). In retrospect, it is interestïng to note that both rP2Xs and rP2X6

have been bard to characterize in terms of respective fonctions. More speci:fically, ho

momeric rP2Xs receptors gave tise to significantly sm.aller current amplitudes in com-
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parision to other recombinant P2K subunits characterized in either HEK-293 cells (Collo

et al., 1996; Torres et al., 1998b) or XerwpllB laevis oocytes (Lê et al., 1999). SimiIarly,

rP2X6 has been reported to be non-functional from injected oocytes from two indePen

dent laboratories (Soto et al., 199Gb; Lê et al., 1998b).

And finally as concluding remarks to the present Thesis, fast-acting purinergic synaptic

signaling in the CNS is currently weIl accepted based upon severaI observations such

as a) vesicular co-release ofATP with other weIl characterized neurotransmitters and

b) neuronal P2K protein and m.RNA distribution patterns. Therefore, in our quest for

understanding the potential physiological roles of ATP-gated P2K channels in global

neuronal communication, our results from the present Thesis have significantly contri

buted ta the knowledge ofbasic biological aspects of P2K receptors, namely their distri

bution characteristics at the protein level, interactions between subunits in relevant

heteromultimeric complexes, and species-dependent biophysica1 properties as well as

dissimi1arities interms oftheir transcriptional distribution patterns.

Physiological raIes of fast-acting purinergic responses have always been difficult ta

identify due ta the lack of specifie P2K antagonists. Although TNP-ATP has recently

been shawn ta he an effective blocker at severaI P2K subtypes, yet, both the sensitivity

of adenosine receptors as weIl as P2Y behaviors ta this analog remains ta he checked.

Involvements of neuronal P2X receptors in selective sensory pathways could he rewar

dinginterms of significant therapeutical implications such as developments of a novel

class of drugs for pain management. Genetic models like P2K receptor knockout mice

and/ortransgenicanima1swillbehelpful in assessing ta what extent P2K channels play

a significant role in proprioceptive and noci.ceptive pathways.
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SENSORY PRESYNAPTIC AND WIDESPREAD
SOMATODENDRITIC IMMUNOLOCALIZATION OF

CENTRAL IONOTROPIC P2X ATP RECEPTORS
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P. SÉGUÉLA*
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Abstraet-Recent evidence suggests that extracellular ATP plays a neurotransmitter role in the central
nervous system. Its fast ionotropic effects are excrted through a family of P2X ATP-gated channds
exprcssed in brain and spinal cord. T0 determine the pbysiological significancc ofcentraI ATP reœptors.
we have investigated the localization of a major neuronal P2X reœptor al the cellular and subcclluJar
levels using affinity-purified antibodies directed agaiml the C-termina1 domain of nx. subunit.
Subunit-specific anti-P~ antibodies detected a single band of 57,OOO±3000 mol. wt in transfCdCd
HEK-293 eclls and in homogenates from adult rat braïD. The mongest expression of central P2X
receptors was observed in the olfactoty bulb. lateral septum. œrebeUum and spinal coRl P2X.
immunoreactivity was also evidc:nt in Widespread areas including the cerebral corteX, hippoc:ampus.
thalamus and brainstem. In ail rc:gions examined. P2X receptors were assocïated' with perikarya and
dendrites where they were concentrated at the level of aff'crcnt synaptic junctiODS. confirming a direct
involvement of postsynaptic ATP-gated channels in fast c:D:itatory purinergic cransmission.

Moreover. P2X&-comaining purinoceptors were loca1i2al in axon terminais in the olfaetory bulb and in
the substantia gelatinosa of nucleus caudalis of the mcdulla and dorsal horn of the spinal caro..
demonstrating an important selective presynaptic raie oC ATP in the modulation of neurotransmïtter
release in central sensory systems. © 1997 (BRO. Publisbcd by Elsevier Science Ltd•

Key words: ATP-gated channel. purinergic. nucleotide. oIfactory bulb, substantia gclatinosa, spinal cam..
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The role of extracellular ATP as a neurotransmitter
at neuro-etfector and neuro-neuronal synapses in the
peripheral nervous system has been convincingly
demonstrated (see review in Zimmennann. 1994):13
Furthermore~ a growing body of neurophysiological
evidence..suggests that ATP is involved in widespread

. excitatory transmission in the CNS. 12..14-16.20.21.40
Ionotropic peripheral and central effects of extra
cellular ATP are exerted through a family of P2X
purinoceptors.

Seven different genes coding for mammalian
central and peripheral P2X ATP receptor subunits
have been cloned 50 far. These genes have distinct
but partially overlapping anatomical patterns of
transcription that suggest tissue-specifie heteromeric
assembly of P2X subunits.24 P2X1 subunits are
expressed predominantly in smooth muscle cells:u

P2X:! rnRNA is found in sympathetic and sensory .

-To whom correspondence should be addressed.
Abhre\'iarions: DAB. diaminohenzidine: EDTA. cthylene

diaminetetra-acetate: GST. glutathione-S-transferase:
H EPES. N-2-hydroxyethylpiperazine-N"-2-cthanesul
phonie acid: MBP. maItose-binding protein: NGS. nor
mal goat serum: peRo polymerase chain reaction: PVOF.
polyvinylidene difluoride: SOS-PAGE. sodium dodec:yl
sulphate-polyacrylamide gel clcctrophoresis: TOS. Tris
butfcred saline.

neurons as weIl as in the pituitary gland.4 P2X3 is
expressed exclusively in sensory neurons.1.24 while
P2Xs is also present in sensory nemons and in a
subset of spinal motoneuroDS. 10

•
11 The cytolytic

P2X7 receptOf was found to be expressed in immune
cdIs and in glial cells of central and peripherai
nervous system.39

ln situ hybridization studies bave shown that
~3.6.37 and ~IO are the only two members of
the P2X gene family to he widely transcribed in the
adolt CNS and in periphery. Whether recorded in
m:ombinant fonn in Xenopus oocytes37

.38 and trans
fe:ctcd HEK-293 cells,6.1Q or natively in cultured
épithelial cells irom rat maxillary salivary gland.6

the homomeric forms of these (WO receptors display
a characteristic low sensitivity to the classical
purinergic antagonists suramin and pyridoxal
phosphate.-6-azophenyl-2',4'-disuJphonic acid as weil
as slow desensitization kinetics. There is still no
information available, however. on the cellular and
subœllular distribution of these proteins in marn
malian CNS. Velo this information is critical to our
understanding of the physiological role of central
ATP-gated channels.

Talcing advantage of the cloning of neuronal P2X
reœptors, we have developed subunit-specific poly
douaI antibodies directed against P".-X.a. one major
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and widespread component ofcentral P2X receptors.
We report. here the loca1ization of this receptor
channel subunit at the regional, cellular and
ultrastructural level in the adult rat brain and
spinal cord. A summary of this work has been
presented at the XXVlth Annual Meeting of Society
for Neuroscience.13

EXPERIME.'\TAL PROCEDURES

Development and purification of subunir-specific anti-P2X.
antibodies

The cDNA coding for the C-terminai domain of rat
~. corresponding to the last 31 amine acids. the stop
codon plus the 3' untranslated region, was amplified in
polymerase chain reaction (PCR) from a full-Iength clone37

using a sense primer {TCGGATCccrcrAcrGCATGAA
GAAG) containing an artificial BamHI restriction site and
a reverse peDNA! vector primer. The 612 base pair PCR
produet was double digested with BamHI and EcoRi for
subcloning in frame with gIutathione-S-transferase (GST)
protein in the prokaryotic expression vector pGEX-2T
(pharmacia). The same PCR produet was double digested
with BamHI and XbaI (a natural site p~t in P"-".) for
subcloning in frame with mallose-binding p~tein (MBP) in
the prokaryotie expression vector pMAL-e2 (New England
Biolabs) for affinity purification purpose. The production of
GST-P~ fusion protein was induced by 0.1 mM
isopropyl-J3-thiogalaetopyranoside in culture and rnilli
grams of the bacteriaI protein of 32,000· moL wt were
purified directly on preparative sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Excised
bands comaining 0.1-0.5 mg ofGST-P2X. were mixed with
Freund's complete adjuvant to initiale a standard immuniz
ation procedure in rabbits. 's A similar protocol of induction
was used to produce a 46.000 moL wt MBP-P~ fusion
protein that was separated on 120.10 SDS-PAGE. blotted and
dried on polyvinylidene diftuoride (PVDF) membrane. Pro
tein concentrations were estimated by comparison with
bovine serum albumin standards in Coomassie Blue stain
ing. (gGs from positive sera pre-selected in western blots
were affinity-purified by solid-phase adsorption using MBP
P2X.. on PVDF strips. eluted under acidic conditions
(50 mM glycine buffer pH 2.5) prior to rapid neutralization
in 2lvl Tris buffet' pH 8.0 and followed by 16 h dialysis in
0.01 M phosphate buffer pH 7.4 containing 2% sucrose and
1 mM EDTA.

Construction ofepitope-tagged P2X receptor subunits

P2X. and P2X. receptor subunits were epitope-tagged
both to facilitate the localization of the two subunits in
heterologous expression systems and to validate the subunit
specificity of the immunoreactivity observed with anti-P2X.
polyelonal antibodies. The C-terminal FIag oetapeptide
DYKDDDDK (IBI) was insened in mutagenic PCR using
oligonucleotide primers designed for the replacement of the
natural stop codon of P"..x, (anti-sense TCACTCGA GG
GAGGTCCTCATGlTCTCC) and P2X. subunits (anti
sense TGACTCGAGGCGACACTGGlTCATCTC) by
an artificial Xhol site. Full-length mutant P2X subunits
cDNAs were amplified in PCR U5ing Pfu polymerase
(Stratagene) then Iigated in-frame to an Xhol-Xbal cassette
containing the Aag peptide foUowed by a Stop codon.~
before subcloning in the pcDNAI eukaryotic expression
vector (In...itrogen).

HcœrologoliS expression of IlOnJomer;c P2X receptors in
HEK-293 ce/ls

For transfcction of epitope·tagged and wild-type P1X
subunits in mammalian cells. HEK-293 (ATCC no.

CRLlS73) were grown in Dulbecc:o's modified Eagle·s
medium-lO% heat-iJw:tivated fetaI bovine serum (W"asent.
St Bruno. Quebec) containing pcnicillin and streptomycin.
Fresbly.plated cdIs reaching 3Q-SOO/o conftuency wcre uscd
for transient transfcction using the calcium pbosPhate
method on 90 mm disbes with 10 Jlg supercoiled plasmid
DNAlI()6 cells. Heterologous expression of P2X rcœptor
subunits was assayed by immunoftuoresœnce and western
blot at 36-48 h of post-transfection Lime.

/mmunolocali=mion' of P2X receptors in tTansfected HEK
293 ceJls

After 2~36h of post~transfec:tion lime. HEK-293 ceUs
were plated at 5O-7()l'/o confluency in poly-Iysine-coated
chambers. Four hours later, adherent cel1s were wasbed in
phospbate-buffeœd saline and fixed for 20 min at room
tempetature with 4% paraformaldehyde in 0.1 M pbosphate
buffer. pH 8.0. ACter blocking non-specifie sîtes with 20.10
normal goal serum (NGS). fixed cells were incubated
with affinity~puri6edand pre-adsorbed primary antibodies
P2X4 (l Jl8/ml) or M2 (l J1g/ml) a:nti-Flag peptide antibodies
ovemight at 4·C in 0.05 M Tris-salinc butrer pH 7.2 con
taining O.so/a Triton X-lOO, SO/o NGS and 5% dry milk
powder. Round aDtibodics were deteetcd by immuno
ftuoresœnce after 1 h incubation with ftuoresc:cin
isothiocyanate-labelled goat anti-rabbil (1 JJ8/mI) or
Texas Red-labeUcd goat anti-mouse (2 J1gImI) secondary
antibodies (lmmunoRescarch Labs).

WeslD1l blot ofhomogmates from transfected cells aN! rat
brailf TegiOns

Transfected HEIC-293 cdls were lifted in Hank's modified
calcium-free medium with 20 mM EDTA. pelleted at low
spéed and homogeniz.ed in 10 volumes of 10 mM HEPES
buffer pH 7.4 containing the protease inhibitors phenyl
methylsulfonyUluoride (0.2 mM) and benzamidine (1 mM).
Lysatcs were peIleted at 14,000 g for 5 min to remove cell
debris before protein assay. Various brain regions (see
Fig. 4) werc dissccted from an adult rat and homogenized at
1:10 (w:v) in 20 mM HEPES buffer pH 7.4 containing
0.32 M sucrase. 0.83 mM benzarnidine. and 0.23 mM
phenylmethylsulfonylfluoride using a polytron. then
pelleted al 14,000 g for 5 min. Protein concentrations in
homogenates werc determined using the method of Lowry
el al.27 as modificd by Peterson3J and equal amounts of
protein (150 JIB/lane) were run on 1~12% SDS-PAGE.
then transferred to nitrocellulose. Depending on the
sample. probing was performed with the following primary
antibodies: afiinity-pwified rabbit anti-P2X. antibodies
(2 J1gfml) pre-adsorbed with MBP alone. affinity
purified anti-P2X.. (2 Jl8/mI) pre-adsorbed with MBP-P2X4
(negative controls) or mouse mAb M2 (1 Jlglml. IBI).
Appropriate secondary species-specific peroxidase-labelled
antibodies were used for visualization by cnhanced
cherniluminescence (ECL. Amersham).

lmmunoC)'tochemistry in raI brain and spinal cord

Adult male Sprague-Dawley rats (140-180 g. Charles
River. Canada) wcre deeply anaesthetized with sodium
pentobarbital (80 mglkg, i.p.) and perfuscd transaortically
with 375 ml of 2% paraforma1dehyde (light microscopy) or
with 7S ml of a mixture of 3.75% acrolein and 2"/e para
formaldehyde foUowed by 300 ml of 20/0 parafonnaJdehyde
(for electron microscopy) in 0.1 M phosphate buffer.
pH 7.4. Brains and spina1 cords were dissected out and
postJixcd for 1 h by immersion in the same fixatn'e. For
ligbt microscopie immunohistochemistry, they were then
cryoprotected for 48 h by immersion in a 30% sucrose
solution in 0.2 M phosphate buffer pH 7.4 at 4-C. frOZl:n in
isopentane at -4S·C. and sectioned at a thickness of3O JIITl
on a freezing microtome. Sections were rinsed in phosphate
buffer pH 7.4. and incubated for 30 min in 0.1 M Tris buffer
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P2X2
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P2X15

P2X6
P2X7

Central prcsynaptic parinocqJtors

Fig. 1. Alignment of the C-tenninal domains of rat P2XATP-gated channel subunits. The P2Xe domain
(amino acids 358-388) targeted for polyclonal anti-fusiC?'l protein antibodics production is compared with
the corresponding sequences in Irnown mcmbcrs of the P2X gene family. P2Xt channel suburut displays
the closcst primary structure to P"-X. in this region with 350/0 bomology. Conserved residucs in the same

relative position in an P2X channel subunits are indicated in bold.
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saline. pH 7.4 (TBS) containing 0.03% H~02. For eleeuon
microscopic immunocytocbemistry. the olfaetory bulb.
cerebellum and cervical spinal corel were blocked offwith a
razor blade and seriaUy scctioned at 40 JUIl thiclcness on
a vibrating microtome (Vibratome). Bath frozen and
Vibratome sections were then incubated ovemight al 4-C in
a solution containing 20./0 NGS, SOlo dry milk powder, 0.2%
Triton X-lOO and 20 fJgfml affinity-purified P2X.t°antibodics
prc-adsorbed with MBP. Negative control samples wcre
incubated with P2X.. antibodics pre-adsorbed with MBP
nx. orwith Gsr-nx.. with pre-immunescrum (1:1000),
or in the absence of primary antibodics. AIl sections wcre
then rinsed in TBS and processed using the avidin
peroxida.se-biotin staining method (ABC Elite, Vector
Labs). Briefty, they were incubated with 1:100 biotinylated
goat anti-rabbit and 1% NGS for 1 b followed by 1:100
avidin-peroxidase complex for an additional hour. Bound
peroxidase was visualized by immersion of the sections
in 0.01 M Tris buffer. pH 7.6, containing O.OSO.fo 3,3'
diaminobcnzidine (DAB), 0.04% nickel cbloride and o.m%
H~O~. Frozen sections were then mounted on gelatin~ated

slidcs. dehydrated in graded ethanols, defatted in xylene
and coverslipped for Iight microscopic observation.32

Vibratome-cut sections were postfixed in 2% 0504 in 0.1 M
phosphate buffer containing 7% dextrose. debydrated in
graded ethanols and embedded in Epon bctween t'Wo
acetate shcets. They were then mounted at the tip of Epon
blacks and cut at 80 nm thickness on a Reichen ultra
microtome. coltected on Formvar-coated copper grids and
examined with a JEOL lOOCX electron microscope.

RESULTS

SubUJzÏl specificil)' of anlibodies directed against rat
P2X4

The subunit specificity of affinity-purified P2X4

antibodies was tested on HEK-293 cells uansfected
with various members of the P2X rcceptor family.
Members of this gene family display low intersubunit
homology in the C-terminal domain chosen for the
production of P2X4 antibodies (Fig_ 1). Since the
primary structure ofthe P2X1subunit is the c10sest to
that of P2X4 in this region, we expressed epitope
tagged P2X. subunits in HEK-293 cells to challenge
the specificity of our P2X4 antibodies. No immuno
fluorescence was visible above background level in
permeabilized HEK-293 cells expressing Flag-tagged
P2X. (Fig. 2). Flag-tagged P2Xz or the wiId-type
subunits (data not shown).

ln western blots ofcrude homogenates from tram
fec:ac:d ceUs. ~ antibodies and anti-Flag mAb
M2 recognized the same major protein band of
57,000:1:3000 mol. wt (n=4) corresponding 10 Aag
taged~ monomers (Fig. 3). nx. antibodies
deœcted a major protein band of 56,000:1:3000 mol.
wt (n=4) corresponding to wiId-type P2X.. mono
mers. In keeping with our immunofluoescence
resalts on whole ceIls, P2X. antibodies did DOt bind
to homologous P2X1 subunits in homogenates
(Fig. 3). An immunoreactive band of 100,000 mol. wt
wu detec:tablc in homogenates of HEK-293 cells
transfected with epitopc-tagged P2X4 receptors
(Fig. 3). This Iabelling, observed both with M2 and
P2X. antibodics, likely corresponds to multimers of
overexprcssed P2X subunits.

ln western blots of crude homogenates from
multiple regioDS of the adult rat brain, affinity
purified nx. antibodies labeUed a single major band
of 57.000:1:3000 mol. wt (n=7) (Fig. 4) in concord
ana: with the sizc of nx. subunits heterogously
expressed in HEK-293 ceUs. The labelling oC a single
major band demonstrated the monospecificity of our
affinity-purified anuDodies.~ immunoreactivity
wu detectabIe in all brain regions examined. How
c\u. relative~ protein levels varied considerably
bctween areas: from very low expression in the
striatum to very high expression in the oIfactory
bulb (Fig. 4).

Li"'t microscopie localization ofP2X. suhunÎls in rat
b,ain and spinal cord

ln rat brain sectio~ nx. immunoreactivity
wu detccted with variable intensity througbout the
neuraxis. Incubation of control sections with either
preimmune serum or with purified serum pre
absorbed with the carboxy-terminal fragment of
P2X4 in MBP-P"-"4 markedly decreased or com
pletely abolished the immunoreaetivity in !DOst re
giOllS examined (Fig. 5). Only those regions in which
adsorption controls showed a marked d~se in
P2X4 signal are considered below.



Fig. 2. Subunit-spccificity ofanti-P2X. antibodies in traDSfcc:tc:d ftEK-293 œJJs. Dy immunofluorcsccncc,
affinity-purificd anti-~ antibodies detect the expression of FJag-lagai P2X4 subunits <P2X4-FL) but
not that of homologous Aag-tagged P2X. subunits (P2XI-FL). As positive contro~ both epitope-tagged

P2X1 and nx. channersubtypes are visuaIized with ami-Flag mAb Ml.
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The most intense P"-X4 immunoreactivity in rat
brain was detected in the glomeruIar layer of the
olfactory bulb (Figs SA, 6A) and in the outer
layers of the nucleus of the spinal trigeminal tract
and dorsal horn of the spinal cord (Fig. 68). In
both of these regions. the labelling was diffusely
distributed throughout the neuropil (Fig. 6A, 8).
In all other brain areas, P2X. immunostaining
was confined to neuronal perikarya and proximal
dendrites.

Rostrally, intensely immunoreactive neurons were'
observed in the mitral œIl layer of the olfaetory bulb
(Fig. 6A). Perikarya and proximal dendrites of tufted
cells in the external plexiform layer were much less
frequently and only weakly stained.

Moderately immunoreactive pyramidal cells were
detected throughout the cerebral cortex. These were
particularly numerous in layers Il and III (Fig. 7A),
but were also scattered throughout layer V. There
were no consistent differences in labeIling patterns
between different cytoarchitectonic areas•

(ntensely P2X4 -immunopositive neurons were
observed in the lateral septal nucleus (Fig. 78. C).
These neurons showed granular staining of the peri-

karyon extending into proximal dendrites (Fig. 78).
More medially, SIIlaI4 less ÏDtensely labelled ecUs
were visible on the midline, within the medial septal
nucleus (Fig. 7C). These labeUed cells were c0

extensive ventrally with equally moderately labelled
neurons in the vertical limb of the diagonal band of
8roca (Fig. 7C). In the caudate-putamen. sparse.
lightly immunoreactive spiny type II ncurons
were visible. most prominently in the ventrolateral
segment. No immunoreaetÏve cells were apparent in
the nucleus aa:umbens.

ln the hippocampU$y a subset of moderately to
dcnseJy stained neurons were detected throughout the
pyramidal layer of the CAl. CA2 and CA3 subfields.
As can be scen in Fig. 8. these labelled cells were most
numerous in CAl and at the CA2/CAJ border. as
wel1 as at the hiJar extremity of CA3. Multiple
pnc.-immunoreactive œUs were also visible
within the granule ceU layer of the dentale gyrus. [n
addition. smaU. intensely labelled cells were dispersed
throughout the bilus as weU as in strata ariens and
radiatum of the hippocampus.

The reticuJar. anterodorsal and ventrolateral
nuclei of the thalamus exhibited large numbers of
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Fig. 3. Western blot of epitope-tagged and wild-type~ cbannels from bomogenates of transiendy
transfectcd HEK-293 ceLls. 80th mAb M2 and anti-P2X.. antibodies detcct Flag-raged P2X, and
anti-P2X.. antibodies recognizc wiId-type n.x. channel subunit (S6.000±3000 mol wt). The same
amount of total proteins (150 J.1g) has bcen loadcd in cach Jane. Each sampIc bas bccn assaycd by
immunofiuorcscence after expression with appropriate antibodics for c:hccking the d6ciency of the

. transfectioD.

•
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lEt;.· ...~
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-3G

WB DS CB ST HP OB ex
Fig. 4. Western blot of rat brain homogenates from microdisscded rcgiODS using affinity-purificd
anti-P2X.. antibodies. The single major band detcclcd displays a mol. wt of 57.000± 3000 corresponding
to P2X.. monomers in ail regions cxamined. The same amount of total proteins (ISO JI8) bas been Joadcd
in each lane. WB. whole brain: BS. brain stem; CD. cercbellum; ST. striatum; HP. hippocampus:

OB. olfactory bulb; ex. cerebral corteX.

•
moderately immunoreactive nerve œil bodies over
relatively high non-specifie background labeUing.

In the hypothalamus. weakly immunoreactive nerve
œil bodies were apparent within the anterior hypo
thalamic and suprachiasmatic nuclei. In the former.

P2X.-immunoreactive ceUs were sparse and mainly
distributed in the lateral segment of the nucleus. In
the latter. ~-immUDoreactive perikarya were
more numerous, more intenscly immunoreac:ti"e. and
unirormly distributed throughout the nucleus.
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Fig. 5. P2X. immunoreactivity in rat olfactory bulb before (A) and after (B) pre-adsorption of
affinity-purified primary antibodies with an excess ofantigen. Immunolabelling in the oIfaetory nerve layer
(ON). glomerular layer (GI) and mitral cel1s layer (Mtr) (A) is abolisbcd in seaioos incubated with

pre-adsorbcd antibodics (D). Scale bar=500 J1D1.
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Within the brainstem. only a few nuclei showed

significant immuno-adsorbable celluIar staining.
These include the dorsal tegmental and dorsal raphe
nuclei of the midbrain and the main sensory nucleus
of the trigeminal nerve. Moderate. higbly punctate
perikaryal staining was also observed in the 5ubstan
tia gelatin05a of the nucleus of the spinal trigeminal
tract (nucleus caudalis) and dorsal hom of the spinal
cardo These immunolabelled ceUs often poorly 5tood
out against the intense neuropil staining in their
surround (Fig. 68).

[n the cerebellar cortex. Puricinje ceUs were consist
ently heavily labelled (Fig. 9A). The immunostaining
was 1110st pronounced at the level of thcir perikarya.
where at high magnification it took the fonn ofsmall
intracytoplasmic puncta. but was aIso observ~

albeit more weakly, throughout their dcndritic tree
(Fig. 9A). Only sparse. weakly immunoreactive
neurons. presumably Golgi cells from their size and
localization. were detected in the granule cell layer.

Finally, central non~neuronal ceUs including
leptomeningeal cells of the pia mater (Fig. 9B),·
perivascular ceUs and sorne endothelial cells of intra
parenchymal blood vessels showed intense P2X4

immunoreactivity.

of the dorsal hom of the spinal co~ P2X4 immuno
reactivity was detected witbin neuronal perikarya.
dendrites and axon tenninals. In perikarya and
dendrites. the reaction produet was mainly absorbed
on the outer surface of mitochondria. microtubules
and various vesicular elemcats (Fig. lOCy D). Heavy
DAB deposits were also visible along the plasma
membrane. predominently at the level of synaptic
.junctions (Fig. 10C). In axon tenninals, the reaction
product was present tbroUlbout the eytoplasm and
heavily concentrated on the membrane of synaptic
vesicies and over synaptic dcnsities (Fig. lOEy F).

In cerebellar cortex, P2Xe immunolabelling was
mainly evident over the perikarya and dendrites of
Purkinje ceUs (Fig. 11). In bath of these structures.
heavy chromogen deposits were apparent along the
plasma membrane (Fig. liB, C) as weIl as over the
membranes of a varicty of intracellular organelles
including cistems of lOUp endoplasmic reticulum
(Fig. lIA. C), Golgi saa:uIrs and vesicles (Fig. liA)
and mitochondria (Fig. Il~ B). [n some instances.
plaques of beavy DAB deposits were visible over
clusters ofendoplasmic retiadum cistemae and Golgi
saccules (Fig. liA) wbich litely accounted for the
intracytoplasmic granularity observed in the light
microscope.

•
Electron microscopic locali=ation of PlX4 subunils in
the olfaclory bulb. cen'ical spinal cord and cerebellum

[n olfactory bulb glomeruli. P2X4 immuno
reactivity was evident within bath dendrites (not
shawn) and axon terminaIs (Fig. lOA). In both
structures. the labelling was diffusely distributed
throughout the cytoplasm and heavily deposited over
synaptic specializations <Fig. lOB). In layers [ and Il

DlSCl.JSSKJN

Affinity-purified P2X. antibodies detect wild-type
P2X4 channel subunits mipting at a mol. wt of
56-57,000 both in hcterolQlous systems and in adult
rat brain. The signific:ant difference between the pre
dicted mol. wt of non-glycosylated P2X4 subunit
(44.000) and the observcd mol. wt strongly suggests
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Fig. 6. Distribution of P2X. immunoreactivity in the olfaetory bulb (A) and dorsal ham orthe spinal cord
(B). (A) Labelling in the olfaetory bulb is coocentratcd over the olfaetory nene layer (ON). gIomerufar
layer (Ol) and individuaI mitral cells (Mtr). Note tbat individuai glomeruli are oot equaDy denscly
immunoreaclivt:. and that weakly labeUcd cells are apparent in the extema1 plexiform layer (EPI). Scale
bar=60 J.UTl. (8) P2X.. immunoreactivity in the dorsal hom is coocentrated over the outer marginal layer

(1) and substantia gelatinosa ({I). Only weak labclling is detected over layer Ill. Sca1e bar= 120 J.U11-
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that the protein is N-glycosylated on severaI of the six
potentiaI glycosylation sites found in the presumed
extracellular domain of rat P"-X4 , A post
translational modification of similar magnitude has
been previously reported for the rat P2X. subuniL 10

The assessment of the subunit-specificiiy of our
polyclonal P2X4 antibodies rests on convergent struc
turai. biochemical and anatomical data. From a
structural point of view. each member of the P2X
receptor family has a unique C-terminal domain. A
high degree of divergence is observe<! in this domain
even between subunils that have similar functional
properties in the homomeric form. As neither P2X l

transcriptslO nor P2X1 subunits42 are detected in the
adult rat brain. the most likely candidate for cross
reactivity wouId have been the~ subunit which.
like P2X4 • is widely expresscd in the CNS. lO How·
ever.~ displays a short CterminaJ domain that
does not share any related sequence' with P2X4 •

making il unlikely to acoount for the observed
immunoreactivity. The immunolabclling of a single
major band ofthe expected sizc in homogenaies from
brain regions demonstrates that the set of epitopes
recognizcd by anti-P2X. antibodies in the C-terminal
domain of these ATP-gated channels is unique
in the mamrnalian CNS. Funhermore. the regional



•

•

184 K.-T. Lê et al

'L • .t

A

."
... ..:. ...

C
• Fig. 7. Distribution of P2X. receptor subunits in the piriform cortex (A), 1atera1 septum (8) and basai

forebrain (C). (A) Moderately to densely labelled pyramidal cens are apparent througbOllllayers 1I-[I1~

Scale bar=200 JUIl. (B) Higher magnification of the framed area. in C. Note the beteroFDeity of the:
perikaryal labelling. l V. Lateral ventricle. Scale bar=75 pm. (C) P2Xe-immUl1oreacti~cdls are vis
ible throughout the lateral septum (LS). medium septum (MS) and diagonal band of Broca (DBB)~

CPu. caudate putamen; ac, anterior commissure. Scalc bar=SOO JUIl.
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distribution of P2X4 immunoreactivity in rat brain
conforms to the results of earlier in situ hybridiz-"
ation studies.3•6• I0.37 confirming the specificity of
the signal.

The selective distribution of P2X4 immuno
reactivity observed here in the rat CNS is aIso in
good qualitative and quantitative agreement with the
results of autoradiography using radiolabelled eHla
Il-methylene ATP. 1.2.28 However P2X4 and P~
subunits generate homomeric receptors insensitive to
a-Il-methylene ATP. Therefore. the correlation be
tween the P2X4 immunostaining reponed here and
previous radioligand binding results implies two non
exclusive possibililies: (a) a-Il-methylene ATP binds
with high-affinity to P2X.. and P2X6 homomeric

receptors but is not an agonist bcause its binding site
is not coupled to channel ptin&; (b) an uniclentified
central subunit with a simiIar widespread regional
distribution confers a-J3-methylene ATP binding and
sensitivity to heteromeric cbannels containiœg P2X4

and/or~ subunits.
The most intense~ expression in the rat brain

was detected in the glomeruli oC the olfaetOtry bulb
and in the dorsal hom of the spiDaI cord, two regions
in which the immunostaining pervaded the entire
ncuropil. In olfaetory bulb glomeruli. the labelling
was found by elcetron microscopy to he associated
with bath uonal and dendritic processes. In view
of the strong labelling of primary afferent axons
observed in the olfactory Dcrve layer boy light
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Fig. 8. Immunolocalization ofP2X.e receptor subunits in hippocampus. ImmunolabcDed cdJs are scattered
throughout CAl, CA2 and CA3 subfields of the hippocampus, as weil as within the granule ceU layer (ge)
and hilus (hi) of the dentate gyrus. In the hippocampus, P2X.-immunoreactive ceUs are mainly found in
the pyramidal cclI layer (py). of which thcy nonethclcss constitute a subpopulation of intemcurons and
small pyramidal cclls (Insere arrows). Only sparse immunolabelIed ecUs arc evident in sttata oriens (or)

and radiatum (ra). ScaJe bar=300~ In insert=SO pm.
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microscopy, axonal P2X4 immunoreactivity is lilcely
to he mainly associated with primary afferents in the
glomeruli. Labelled dendrites presumably belong to
either l1)itral or tufted cells. as both of these have
been shown to extend their dendrites within
glomeruli. 13

•
34 This interpretation confonns to the

recent demonstration of P2X4 mRNA within these
two œil types by in situ hybridization.6

In the spinal cord. intense P2X4 immunoreaetivity
was observed by electron and/or light microscopy
over neuronal perikarya and axon terminais in the
marginal layer and in the substantiagelatinosa of the
spinal cord and nucleus caudalis. two areas involved
in pain information processing where ATP bas been
previously shown to modulate synaptic transmis
sion.:!6 Whether the axonal P2X4 subunits visualized
here by immunohistochemistry are located on pri
mary sensory afferent fibres or are pan of local
circuits remains to be established. The detection of
P2X4 subunit mRNA in sensory neurons of dorsal
root ganglia:!4 supports the former possibility.

In ail other regions of the rat brai~ P2X4

immunoreactivity was associated with neuronal
perikarya and proximal dendrites, thereby account
ing for the good correlation with in situ hybridizaùon

data. Within P2X4-immunoreactive ce~ the bulk of
the immunostaining was consistently inuaeellular. in
the form ofsmall intraeytoplasmie "hot spots". Sueh
a high proportion of intraceIIuIar receptors bas been
reponed for other types of neuronal transm.ïtter
galed channels. including nicotinie acetylcholine
receptors19 and glutamate-pted ehannels.36 Electron
microscopie observations confirmed the hetero
geneity of ~ intraCytopfasmie labeUing and
showecf that these "hot spots" correspond to stacks
of rough endoplasmie reticulum cisterns and to con
gregated Golgi saccules and vesicles. i.e. to putative
sites of synthesis, storage and transport of the ATP
rea:ptors.

Dense chromogen dcposits were a1so observed
along the outer mitochondrial membrane and micro
tubules of labeUed perikarya and dendrites., as weil as
over membranes of synaptic vesicles within labelled
axon terminais. The interpretation of these labelling
patterns should he subject to caution. however. given
the reported limitations in the subccUular resolution
of DAB cytochemistry.JO

A major finding of the present ultrastructural
investigation is tbat P2X4 is associated both with
intraneuronal perikaryaldendrites and with axon
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Fig. 9. Distribution of~ immunoreactivity in œ~bcUar conex (A) and pia mater (D). (A) ID cerebellar
cortex. Purkinje cens (PL) are intensely immunoreactivc. Partial fiUing oftheir dendritic tn:eis~cvident
in the molecular layer (ML~ arrows). Only sparsc., weaJdy IabcUcd ceUs~ apparent in the panulc œIl
layer (GL). Scale bar= 120 JUll. (B) ln the pia mater. Icptomcningea1 cens are intensely positi~ for P2X4

immunoreactivity. Scalc bar=40 pm.
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terminais. indicating that they mediate both post
and pre-synaptic ATP signalling. In the olfactory
bulb and dorsal horn of the spinal cord. this double
localization suggests that fast purinergic transmission"
is involved in both pre- and postsynaptic regulation
of olfactory and nociceptive sensory pathways.
an interpretation strengthened by the presynaptic
localization of P2X1 and P2X:! subtypes in the same
areas:~1 This argues strongly in favour of ATP play.
ing a specific modulatory role in sensory infonnation
processing through heteromeric P2X4-containing
ionotropic receptors.

ln other brain areas studied. such as the hippo
campus and cerebellar cortex. it appears that ATP
mainly plays a postsynaptic neurotransmitter role
through P2X4 -containing receptors. In the hippo
campus. the highcst levels of P2X4 immunoreactivity

were detected in the pyramidal layer of ail CA
subfields as weil as in granule cdIs of the dentate
gyms. ATP-induced currents mediated by homo
merle P2X.. receptors are potentiated by extra
cellular zinc.37.38 This potentiation of fast purinergic
responses by zinc, recorded in wrious prepara
tions.9.22.25 is a general property of neuronal ATP
gated channels. The hippocampal mossy fibres that
synapse on CAJ pyramidal cens contain the highest
concentration of releasable zinc in die brain.Il There
fore, in contrast to the reœptors expressed in CAl
where pyramidal ceUs are not coataeted by mossy
fibres. the activity of P2X4 -containing ATP-gated
channels locaJized on the dendrites ofCA3 pyramidal
ceUs and/or interneurons could be regulated by
synaptie zinc. the dysfunction of which may have
pathological consequences.7.35
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Fig. 10. Fine structural distribution of P"..x. immunoreactivity in olfaetory bulb glomeruli (A. B) and
substantia gelatinosa of the spinal cord (C-E). CA) Numcrous P2Xe-immunoreactïve uon tcnninals
(arrows) are secn to synapse on immunonegative dendritic trunks (Den). (8) PDC.-ïmmunorac:tive axon
terminais in synaptic contact with a dendritic branch (Den). Note the heavy chromogcn dcposits on the
membrane of synaplÎc vesicles as weil as at the Icvcl of the synaptic specialization (lllTowbeads). (c. D)
P2X4 -immunoreactive dendrites (Den) in the substantia gelatinosa of the spinal conl. Dense DAB dcposits
are apparent at the Icvel of synaptic junclions (arrowbeads) as weil as over microtubulcs and the outer
membr•.me of milochondria. CE. F) P2X4 -immunoreactivc axon tenninals in the substantia gdatinosa.
80th terminaIs show diffuse labelling of their cytoplasm and are seen in asymmetrical synaptic contact

{arrows} with unlabclled dendrites (Den). ScaIe bars=O.S ).U11.
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.Central P2X4 and P2Xe Channel Subunits Coassemble into a Novel
Heteromeric ATP Receptor

Khanh-Tuoc Lê, Kazimierz Babinski, and Philippe Séguéla
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Quebec, Canada H3A 284

lonotropic ATP receptors are widely expressed in mammalian
CNS. Despite extensive functionaJ characterization of neuronal
homomeric P2X receptors in heterologous expression systems,
the subunit composition of native central P2X ATP-gated chan
nels remains to os elucidated. P2X4 and P~ are major central
subunits with highly overfapping mRNA distribution at both
regionaJ and cellular levels. When expressed afone in Xenopus
oocytes, P2Xe. subunits do not assemble into surface receptors
responsive to ATP applications. On the other hand, P2X4 sub
units assemble into bona fide ATP-gated channels, slowly de
sensitizing and weakly sensitive to the partial agonist a,l3
methylene ATP and to noncompetitive antagonists suramin and
pyridoxal-S-phosphate-6-azophenyl-2',4'-disulfonic acid. We
demonstrate here that the coexpression of P2X4 and P~
subunits in Xenopus oocytes leads to the generation of a novel

•
Fast purinergic neurotransmission is mediated by nonsele~Jve
cation channels gated by extracellular ATP. These transduction
proteîns, designated P2X receptors, constitute a distinct class of
neurotransmitter-gated channels on the basis of their primary
cDNA sequences and their predicted transmembrane protein
topology. Currently, seven mammalian P2X genes have been
identified with either expression or homology cloning assays
(Buell et a1., 1996). Among the neuronal P2X receptors, only
P2X; and~ isoforms are predominantly expressed in the
adult rat brain in which they show an overlapping pattern of
regional and cellular distribution at the mRNA level (Colla et al.,
1996). Homomeric rat P2X4 receptors expressed in HEK-293A
cells or Xenopus laevis oocytes and homomeric~ receptors
silent in oocytes (Soto et al., 1996) but functional in HEK-293A
cells (Collo et al., 1996) are weakly responsive to a,j3-methylene
ATP (al3mATP) and to P2 antagonists suramin and pyridoxal-5
phosphate-6-azophenyl-2',4'-disulfonic acid (pPAOS) (North
and Barnard, 1997). Yet, native ionotropic purinergic responses
from rat medial habenula, cerebellum, and hippo~mpus were
blocked by P2 antagonists, and most native ATP receptors are
activated by af3mATP (Edwards et al., 1992; Mateo et al, 1998;
Ross et al., 1998). Moreover, high-afiinity [3H)a,BmATP autora-
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pharmacological phenotype of ionotropic ATP receptors. Het
eromeric P2X4 + 6 receptors are activated by low-micromolar
a,l3-methylene ATP (ECso = 12 J.LM) and are blocked by suramin
and by Reactive Blue 2, which has the property, at low con
centrations, to potentiate homomeric P2X4 receptors. The as
sembly of P2X4 with P~ subunits results trom subunit
dependent interactions, as shown by their specifie
copurification from HEK-293 cells transiently transfected with
various epitope-tagged P2X channel subunits. Our data
strongly suggest that the numerous cases of neuronal colocaJ
izations of P2X4 and P2~ subunits cbserved in mammalian
CNS ret/ect the native expression of heteromeric P2X4 + 6 chan
nels with unique functional properties.

Key words: purinoceptor; nuc/eotide; transmftter-gated cat
ion channel; a.13 methylene ATP; suramin; PPADS

diographic binding sites have been 10ca1ized in specifie but wide
spread regions within the brain and spinal cord (Bo and Bum
stock, 1994; Michel and Humphrey, 1994; Balcar et aL, 1995).
Discrepancies between pharmacological profiles of heterolo
gouslyexpressed homo-oligomeric P2X subunits and eleetrophys
iological recordings from neuronal preparations likely reflect the
existence of native heteromeric phenotypes of P2X receptors in
peripherai nervous system as weIl as the CNS. Indeed, one such
hybrid P2X phenotype was recorded in sensory neurons (Khakh
et al., 1995; Lewis et al., 1995) and has been proposed to result
from the association between coexpressed P2Xz and P2X3 sub
units (Chen et al., 1995; Lewis et al., 1995; Radford et al., 1997).
We describe in this report a novel P2X heteromeric receptor
containing central~ and P2.Xt; subunits. This phenotype of
ATP-gated channel is endowed with a unique pharmacology
characterized by increased sensitivities to af3mATP,
2-methylthio-ATP (2MeSATP), suramin, PPADS, and Reactive
Blue 2 (RB-2) in Xenopus oocytes.

MATERIALS AND METHOOS
Molecular biology. Wild-type fuU-lengtb P~ subunit cDNA was ob
tained by RT-PCR using adult rat spinal cord RT-cDNA template,
Expand DNA polymerase (Boehringer Mannheim. Indianapolis. IN),
and exact match primers based on published primary sequences (Colla et
al., 1996; Soto ct al., 1996). Construction of P2X1-Flag and P2X.t-Flag
was reported previously (Lê et aL. 1998). To generate cpitope-tagged
P~-Flag and P~-(HiS)6subunits, an XhoI-XbaI cassette containing
an in-frame His6 epitope followed by an artificial stop codon was grafted
ta the full-length Hindm-XhoI nx. construct. The P2X.-(HiS)6 mutant
was then subcloned directionally into the HindIII and XbaI sites of
peDNAI vector (Invitrcgen, San Diego, CA) for cytomegalovirus·driven
heterologous expression in mammaIian eeUs and Xenopus /aevis oocytes.
Epitope-tagged and RT-PCR constructs were subjected to dideoxy
sequencing either manually witb Sequenase (Upstate Biotechnology,
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Lake Placid, NY) or with an ALF DNA sequenccr (pharmacia. Piscat
away, NJ).

e Celi culture and prolein chemistry. For cDNA transfections of epitope
tagged and wild-type P2X subunits into mammalian ceUs, HEK-293A
ceUs (CRL 1573; American Type Culture Collection. Rockville, MD)
were cultured in DMEM and 10% heat-inactivated fetal bovine serum
(FBS) (Wisent. St-Bruno, Quebec. Canada) containing peniciUin and
streptomycin. Freshly plated eells reaching 30-50% conBuency were
used for transient cDNA transfections with the calcium phosphate
method on 90 mm eell culture dishes (Falcon) with 10 JLg of supercoiled
plasmid cDNA/l0 6 ceUs (Lê et al., 1998). For Western blots, transfected
HEK-293A ceUs were lifted in Hank.'s modiJied calcium-free medium
with 20 mM EDTA. pelleted at low centrifugation, and homogenized in
10 volumes of 10 mM HEPES buffer, pH 7.4, containing protease inhib
itors phenylmethylsulfonyl fluoride (02 mM) and benzamidine (1 mM).
CeU lysates were peUeted at 14,000 x g for 5 min, and membrane
proteins in supematants were solubilized with SDS-containing loading
buffer. Approximately 150 JLg of proteinllane were run on 12% SDS
PAGE and then transferred to nitrocellulose. Immunoprobing was per
formed with mouse mAb M2 (1 JLg/ml, lB!) followed by peroxidase
labeled anti-mouse secondary antibodies for visua1ization by enhanced
chemilumincsccncc (Amersham, Oakville, Ontario, Canada). Copurifi
cation of associated P2X subunits was performed as previously described
for IRK channcls (Tinker et aL, 1996) with minor modifications. Cell
lysates were solubilized with 5% Triton X-100 for 2 br at 4°C. Unsolu
bilized materials were pelleted at 10,000 x g, and supcrnatants were
incubated with 50 JL1 of 50% slurry of equilibrated Ni-NTA-Resin (Qia
gen, Hilden. Germany) for 2 hr at 4°C. Nickel beads were then washed six
times in TBS containing 25 mM imidazole and 1% Triton X-1OO. Bound
proteins were eluted from Ni-NTA resin with 500 mM imidazole, diluted
1:1 (v/v) with SDS-containing loading buffer, and warmed for 10 min at
37"C. Samples were then loaded onto a 12% SDS-PAGE, transferred to
nitrocellulose, and analyzed in Western bIot using chemiluminescence as
above.

ElectTophysiology. For electrophysiological recordings in oocytes, ovary
lobes were surgically removed from Xenopus laevis frogs anesthetized

e With Tricainc (Sigma. St. Louis. MO) and treated for 3 hr at room
temperature with type II collagenase (Life Technologies, Gaithersburg,
MD) in caIcium-free Barth's solution undec vigorous agitations. Stage
V-VI oocytes were then defollicu1ated chemicalIy before nuclear micro-
injections of 5-10 ng of cDNA coding for each P2X channel subunit.
After 2-5 d of incubation at 19°C in Barth's solution containing 1.8 mM
calcium chloride (CaC12 ) and 10 p.g/ml gentamicin, P2X currents were
recorded in a two-eleetrode voltage-clamp configuration using an OC
725B amplifie. (Wamer Institute). SignaIs were low-pass-filtered at 1
kHz, acquired at 500 Hz using a Macintosh IIci equipped with an
NB-MIO-l6XL analog-to-digital card (National Instruments). Traces
werc postfiltcred at 100 Hz in Axograph (Axon Instruments). Agonist5,
antagonists, and cofaetors (zinc chIoride, pH 65 and 8.0) were dissolved
in Ringers solution containing (in mM): 115 NaCI, 2.5 KCI, and 1.8
CaCl2 in 10 HEPES, pH 7.4 standard at rcom temperature, and applied
on oocytes at a constant flow rate of 12 ml/min. Dose-response curves
and ECso values were derived from fittings for the sigmoidal equation of
Hill using Prism 2.0 software (Graphpad Software, San Diego, CA).

Statistical analysis. AU comparisons involving two variances were per
formed with Fishers F values (variance homogeneity requirements) and
with Student's t tests for two unpaired groups. Two-tailed statistical thresh
olds, for bath Fishers F and Student's t critical values, were set at p < 0.05.

RESULTS
Functional impact of P2Xe subunit expression on
ATP-induced currents
In response to 100 p.M ATP, Xenopus oocytes microinjeeted with
a mix of P2X4 and P~ cDNAs (1:1 molar ratio) gave rise to
currents with kinetic profiles similar to those observed with
oocytes expressing P2X4 aJone (Fig. lA).~ by itself appeared
to be siIent in Xenopus oocytes, because no current was deteeted
during ATP applications (Fig. lA), in agreement with what base been reported previously (Soto et al., 1996). Comparison of peak
CUITent amplitudes after 3 d of expression revea1ed, however, that
currents from ceUs coexpressing P2X4 and P2X6 subunits were
reproducibly and significantly smaller than eurrents from ceUs
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expressing ooly~ receptors (Fig. lA,B), suggesting the pos
sibility that the P2X6 channel subunit cao heteropolymerize with
other members oithe P2X family. We coexpressed~ together
with P2X1 (Valera et al., 1994) or with P2X2 (Brake et aJ., 1994).
In respoose to 100 #LM ATP, there were no di1ferences between
peak currents recorded from oocytes coexpressing P2X1 and
P~ and those expressing P2X1 aJone (Fig. 1C) after 3 d of
expression. Similarly, we did not observe any functional impact of
P~ on the expression of P2Xz under the same experimental
conditions (Fig. ID), eliminating the possibility of a general
inhibitory etfect of~ on protein synthesis or on translocation.
Thus these data indicate either that the subunit-specific interac
tion between P2X4 and P2Xes isoforms generates a heteromerié
P~+6 receptor, or that~ subunits exert a specific inhibitory
function on~ receptor expression. IfP2.X.;+6 heteromers are
expressed, smaller peak currents could result from a lower affinity
for ATP or a smaller single conductance in comparison with
homomeric~ channeis. Altematively, smaller ATP responses
at clay 3 could simply reflect a slôwer kinetics ofreceptor expression.

To further charaeterize a time-dependent effeet, we stuclied the
time course of expression, daily recording peak currents in re
sponse to 100 P.M ATP from oocytes expressing either~ and
P~ cDNAs or P2X4 cDNA aJone. Figure 2 demonstrates that
ATP receptors in oocytes coexpressing P2X.s. andP~ subunits,
compared with~ alone, needed a longer time to reach the
same levels of ATP-induced currents. However, between days 2
and 5 after injection, there was a dramatic sevenfold increase in
peak CUITent amplitudes in oocytes coexpressing P2X4 andp~
subunits (Fig. 2A). This profile is in striking contrast with the
time course of~ expression that slowly decayed over the same
period (Fig. 2B).

Agonist sensitivity profile of P~+6
heteromeric receptors
No significant difference was detected between the ECso values
derived from ATP dose-response profiles of P2X4 + 6 (63 :!: 0.9
JLM) channel phenotype and homomeric p~ (4.2 :!: 1.1 J,tM)

receptors (Fig. 3A) expressed in oocytes. However, the partial
agonist 2MeSATP had ECso values of 7.67 ±: 1.01 and 26 :!: 1.8
JLM for P~+6 and~ receptors, respeetively, a statistically
significant difference (Fig. 3B). Even more striking, in response to
100 P.M af3mATP on day 3 after injection, oocytes expressing
P2X4 +6 heteromeric channels gave rise to peak current ampli
tudes of 0.7 :!: 0.13 pA compared with 0.12 ±: 0.02 pA only from
oocytes expressing~ homomeric receptors, in marked con
trast with the situation observed in response to ATP (compare
Figs. 4A, lB). The al3mATP ECso values were found to be 12 ±:
2 JLM for P~+6 and 55 :!: 2 P.M for~ channel phenotypes
(Fig. 4B). Therefore, aJ3mATP shows more potency and has a
higher affinity on nx.+6 receptors than on~ receptors.
These different sensitivities ta 2MeSATP and al3mATP consti
tute more experimental evidence for a funetionaJ· association
between P2X.; and P2X6 subunits coexpressed in Xenopus
oocytes.

Sensitivity of P~+6 receptors to suramin. PPADS,
and RB-2
It is widely recognized that neither p~ nor P2X6 homomeric
receptors (in HEK-293 ceUs) are completely blocked by suramin
or PPADS up to 100 J,tM without preincubation (BueIl et al., 1996;
Colla et al., 1996). In response to 100 J,tM ATP and 10 JLM suramin
coapplications without preincubation, oocytes expressing P2X4 +6
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gave rise to residual currents of 61 ::!: 3% (Fig. 5) of the response
to 100 /LM ATP (100%). U nder the same experimental conditions.
oocytes expresSing~ receptors a10ne were a1most unaffected
(93 ::!: 3%; Fig. 5). We have also found that 10 #LM PPADS
coapplied with 100 /LM ATP gave rise to peak current amplitudes
of 83 ::!: 7 and 103 ::!: 6% for P~+6 and~ receptor pheno
types. respectively (Fig. SB). but we did not find any significant
difference between this 17% inhibition on~+6 and no effect
on P~.We have also investigated the effects of RB-2 by coap
plying 10 ILM of the antagonist with 100 /LM ATP: oocytes ex
pressing P~+6 receptor phenotypes were characterized by re
sidual peak currents of 60 ::!: 9% compared with potentiated peak
currents of 123 ::!: 18% frOID oocytes expressing~ receptors
alone (Fig. SA). Preincubation of the ceU with antagonist during
1 min before coapplication with ATP resulted in even more
dramatic phenotypical differences between P2X4 and~+6 for
suramin (23% blockade vs 41%) and PPADS (19% blockade vs

38%) (Fig. SB). Furthermore, in conditions of preincubation. 10
/LM RB-2 blocked P2X4 + 6 heteromeric channels by up to 26% but
increased~ response by >45% (Fig. SB). A potentiating effect
of RB-2 on~ homomeric receptors has been reported in
oocytes, aIbeit ta a smaller extent (Bo et al., 1995).

Sensitivity of P~+8 receptors to coagonists zinc ions
and protons
We have reported previously that 10 /LM extracellular zinc ions
coapplied with 10 /LM ATP potentiated P~ peak currents by
almost twofold (Séguéla et aI.. 1996). In addition. it has aIso been
shown that the sensitivity ta ATP of homomeric P2Xt channels is
modulated by external pH: pH <7 inhibits ATP responses,
whereas pH >8 has no significant e:ffeets· (Stoop et al.. 1997).
Therefore, we checked whether these coagonists applied with
ATP could discriminate between P~+6 and P~ receptor
phenotypes. In response ta 10 p.M zinc ions and 10 /LM ATP
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Figure 2 A, Potentiation of ATP response represented
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indicate beginnings of ATP applications (la sec). B,
Time course of heteromeric P2.X4+6 expression. Kinetics
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membranes i5 strikingly diJIerent in oocytes coinjeeted
with P2.X4 and~ subunits compared with tbose in
jected with P2.X4 subunits (averages ~ SEM from 3 to 15
oocytes in 2-8 independent experiments).

coapplications, there were no significant ditferences between po
tentiating factors of 1.8 :::t 0.19 and 1.8 :::t 0.21 for P2X4+ 6

heteromeric channels and P2X4 homomeric receptors, respec
tively (Fig. 6A). There was also no significant düference between
these two receptor phenotypes with respect ta ATP (20 ILM)
applied at pH 65. In bath cases, residual peak current amplitudes
were 46 :::t 4% of control values measured at pH 7.4 (Fig. 68).
When 20 ILM ATP was applied at pH 8.0, it elicited peak currents
of 121 :::t 4 and 106 :::t 4% for P2X.s+6 heteromers and~
homomers, respectively.(Fig. 6C). Thus, contrary to a#3mATP,
2MeSATP, and antagonists suramin, PPADS, and RB-2, cofac
tors zinc and protons did not discriminate between P~+6 and
P~ receptors on a pharmacological basis.

Subunit-specific association of~ with P2Xe subunits
Before testing their biochemical interaction, the expression of
Flag-tagged P2X1 , P2X.t, and P~ subunit proteins in tran
siently transfected HEK-293A ceUs was confirmed by immune
blot of total membrane proteins (Fig. 7A, lanes 1-6). Homoge-

•
nates from HEK-293A cens transiently cotransfected with cDNA
templates encoding ~-(HiS)6 and either P2X1-Flag, P2X4

Flag, or ~-FIag constructs were analyzed for copurification.
After solid-phase binding of ~-(HiS)6 proteins on poly His-

binding resin, we detected the coprecipitation of ~-Flag sub
units, confirming that~ subunits interacted between them
selves ta generate a homomultimeric complex (positive contrais,
Fig. 7B, lane 1). Coexpression of P2X4-(HiS)6 with P~-Flag

subunits gave a positive band corresponding ta the expected size
of~ (51 kDa; Fig. 7B, lane 3), demonstrating directly for the
fust time thatP~ andP~ subunits do physically interact in a
multimeric complex. Coexpression of P2X4-(His)6 with P2Xt 

Fiag subunits did not give any signal when probed with anti-Flag
M2 antibodies after purification, confirming that P2Xt and P2X1

subunits do not heteropolymerize (Fig. 7B, lane 5). AIl control
coexpressions including wild-type P2X4 (Iacking the poly-His
motif) cotransfected with Flag-tagged~,~, or P2Xt sub
units were negative after purification on poly His-binding resin
(Fig. 7B, fanes 2, 4, 6).

DISCUSSION
Functional identification of P~+8
heteromeric receptors
In the present study, we fust observed an apparent inhibition of
p~ subunits on ATP-induced currents in oocytes expressing
P2X4 subunits (Fig. lB). However, neither ATP-induced eurrents
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mediated by P2X1 subunits (Fig. 1C) nor currents mediated by
P2Xz subunits (Fig. ID) were affeeted, sttongly suggesting that
P~ and P~ isoforms associate together, in a subunit-specific
manner, into a novel heteromeric P2X channel. Functional

•

. P2X4+6 protein assembly and/or plasma membrane channel tar
geting appeared to be on a di1Ierent time scale compared with
P2X4 receptors. Indeed, in response to 100 /LM ATP, ~+6
heteromultimers gave rise to increasing peak currents even after
5 d of expression (Fig. 2A), whereas P2X4 homopolymers yielded
decreasing peak current amplitudes under identical conditions
(Fig. 2B). We did not find any difference between the ECso values
of ATP for both homomeric and heteromeric receptor isoforms
(Fig. 4A), so we concluded that the apparent inhibitory effect of
P~ onP~ recorded 3 d after injection was mainly attributed
to a slower expression of P2X4+6 receptors on the cell surface,
assuming similar channel conductance. These findings constituted
our tirst set of experimental evidence demonstrating a heteropo
lymerization between P2X4 and~ subunits. 1t has been no
ticed previously thatP~ subunits and channels express poody
in HEK-293A ceUs (Colla et al., 1996) and are silent to ATP in
the Xenopus oocyte expression system (Soto et al., 1996), as
observed here. However, maximal ATP-induced peak currents
were significantly larger at day 5 in the case of P2X4+6 channels
than in the case of~ alone (Fig. 2A). This situation is
reminiscent of epithelial sodium-selective channels, belonging to
another family of two-transmembrane-domain cation channels,
whereby a fully functional channel requires the heteropolymer
ization of a subunits with J3 and 'Y subunits, both inactive when
expressed alone (Canessa et al., 1994).

Unique pharmacological profile of P2X,.+6
heteromeric receptors
We made the assumption that the association between P2X4 and

•
P2Xt; subunits should be refleeted in sorne unique aspects of the
pharmacological profile of the resulting heteromeric receptor.
Although P2X4 seemed the dominant subunit for the sensitivity
to ATP in the heteromers, we observed a statistical difference

between ECso values of 2MeSATP for P2X4+ 6 heteromeric chan
nels and P2X4 receptors (Fig. 4B). Furthermore, in response to
100 ELM aJ3mATP applications, oocytes coexpressing~ and
P~ subunits gave rise to larger maximal peak currents than
oocytes expressing P2X4 isoforms aIone (Fig. 3A), despite slower
kinetics of expression. 1ndeed, we measured a lower ECso of
a,BmATP for P2X4 +6 than for P2X4 channel species (Fig. 3B).
Therefore, in addition to opposite protein expression profiles
between P2X4+6 and~ channels, these observations strongly
indicate that P2X.a and~ subunits generate a novel receptor
phenotype characterized by a unique agonist profile, namely
increased 2MeSATP and a,BmATP sensitivity. Moreover, these
data provide for the tirst time experimental evidence for moder
ately desensitizing aJ3mATP-activated ionottopic responses.

Furthermore, we probed the sensitivity of P2~+6 heteromers
to P2 antagonists suramin, PPADS, and RB-2 coapplied with
ATP. We found that suramin significantly blocked P2X4 +6 activ
ity without inhibiting significantly P~ homomeric receptors
(Fig. SA); 10 /LM suramin coapplied with 100 ILM ATP decreased
P~+6 heteromeric receptor peak current amplitudes by up to
40% compared with 7% for~ homomeric channels. Coap
plied PPADS inhibited P~+6weakly, although it had no mea
surable effects on oocytes expressing P2X4 subunits alone (Fig.
SA). After preincubation, low concentrations of RB-2 provided
the most dramatic differential effeet by inhibiting P2X4 "'6 hetero
mers while potentiatingP~ channel aetivity (Fig. SB). Suramin
and RB-2 would thus be useful pharmacoIogical tools ta investi
gate the expression of native P2X4+6 heteromers in aJ3mATP
sensitive neuronal preparations.

Biochemical evidence of P2X..+6 heteropolymers
We demonstrated direct interactions between the two predomi
nant brain~ andP~ isoforms through the use of an estab
lished copurification assay (Tinker et al., 1996). Based on our
coprecipitation results with epitope-tagged subunits in nondena
turing conditions, P2X4 associates with p~ subunits (Fig. 7B).
In Xenopus oocytes, this heteropolymerization underlies the spe-
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cific pharmacological and eleetrophysiological phenotype of a
novel heteromeric channel distinct tram either~ or P2X6
homomeric receptors. On the other hand, P2X4 and P2X1 sub
units did not seem ta interaet significantly with each other (Fig.
7B). Furthermore, the absence of obviaus phenotypical differ
ences between oocytes coexpressing PZXt; + P2X1 and P2X1

subunits alone (Fig. lC), or between PZXt; + P2X2 and P2X2
homomers (Fig. ID), indicate that structural determinants of
association between P2X4 and ~ isoforms are subunit
dependent. A similar biochemical approach using copurification
ofP~ with chimeric subunits based on PZXt; and P2X1 struc
tures couid lead to the identification of the domaines) involved in
specifie heteropolymerization.

Functional correlates of native P~+6heteromers
Purinergic responses trom CA3 neurons in rat hippocampai sliees
have been shown reeently to be activated by a13mATP and intub-

•
ited by suramin but not by PPADS (Ross et al., 1998). Based on
in situ hybridization results (Colla et al., 1996), P2X4 and P2X6
are the only P2X subunits expressed at significant levels in adult
rat hippocampus, narnely in CAl-CA4 hippocampaIsubfields
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~-wt + P2Xe.-Flag; lane 5, nx,.-(HiS)6 + P2X1-Flag; lane 6, nx,.-wt + P2X1-Flag.

and in the dentate gyrus. Thus, our funetional data obtained from
recombinant receptors are in close agreement with this native
phenotype and suggest that the sensitivities to aJ3m.ATP and to
suramin of rat CA3 neurons might be mediated through native
P2X4 + 6 heteromeric channels.

Neonatal rat cerebellar Purkinje ceUs have been characterized
as having purinergic receptors with a P2Xz-like pharmacological

•
profile in eliciting extracellular calcium influxes (Mateo et aL,
1998). This conclusion rested on aJ3mATP insensitivity, the po
tency ratio of ATP to 2MeSATP, as weIl as suramin and PPADS
blockade after preincubation. However, on recombinant~+6
receptors, the concentration of al3mATP used by Mateo et aL
(1998) (50 p,M) was -10% as efficacious as 50 p,M ATP in eliciting
ionotropic responses, so al3mATP-mediated intracellular calcium
increases could have remained undeteeted and consequently in
terpreted as a13mATP unresponsiveness. The developmental reg
ulation of expression levels of neuronal P2X genes in cerebellum
i5 not establi5hed 50 far. Adult rat Purkinje neurons are known to
transcribe P~ and~ mRNA (Collo et al., 1996) and have
been shown to translate high levels of P2X4 subunits (Lê et al.,
1998), whereby P2X2 mRNAs (Collo et al., 1996) or subunits
(Vulchanova et al., 1996) were reported previously to be absent
(Kanjhan et al., 1996). It is aIso possible that native P2X receptors
in neonatal Purkinje cells are composed of three subunits, namely
P2X2 , P2X4 , and P~, assembled in a heteromeric complex in
which P2X2 is pharmacologically dominant. We have recorded in
oocytes purinergic currents mediated by P2X.s+6 heteromeric
channels that were significantly more sensitive to the agonists
al3mATP and 2MeSATP, as weIl as to the antagonist suramin
compared with P2X4 homomeric receptors. So it is likely that the
moderately desensitizing aJ3mATP·aetivated and suramin
sensitive postsynaptic purinergic responses recorded from medial
habenula (Edwards et al., 1992) could be accounted for by the
expression of postsynaptic ~+6 receptors, because in situ
hybridization results demonstrate the exclusive presence of~

•
and~ traDscripts in this region (Collo et aL, 1996). The
widespread distribution of high-affinity [3H]af3mATP binding
sites within the rat CNS (Bo and Burnstock, 1994; Michel and
Humphrey, 1994; Balcar et al., 1995) appears to correlate with in

situ hybridization data on P2X4 and~ mRNA distrIbutions
(Collo et al., 1996; Séguéla et al., 1996) as weil as with the
immunocytochemical localization of~ protein (Lê et al.,
1998). This neuroanatomical evidence strongly suggests that the
P2X4+ 6 channel phenotype might be present in mast rat brain
and spinal cord regions. Moreover, we have shown that theP~
subunit is a major presynaptic purinoceptor component in lami
nae l and fi of spinal cord and in olfaetory glomerulï (Lê et aL,
1998), two regions in which~ is also expressed (Collo et al.,
1996). Therefore, the heteromeric P2X4 + 6 ATP-gated cation
channel could play a significant role in the regulation of excitatory
transmitter release in central sensory synapses.
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The mammalian P2X receptor gene familyencodes
two-transmembrane domain nonselective cation chan
nels gated by extracellularATP. AnatomicallocalizatioD
data obtained by in situ hybridization and ÎmDlunocyto
chemistry have shown that neuronal P2X subunits are
espressed in specifie but overlapping distribution pat
terns. Therefore, the native ionotropic ATP receptors
diversity most likely arises from interactions between
different P2X subunits that generate hetero-multimers
phenotypically distinct from homomeric channels. Rat
P2X1 and~mRNAs are localized within common sub
sets ofperipheral and central seDSory neurons as well as
spinal motoneuroDS. The present study demonstrates a
functional association between P2Xl and P2Xes subunits
giviDg cise to hybrid ATP-gated channels endowed with
the pharmaeology of P2X1 and the kiDetics of P2Xs.
When expressed in Xenopru oocytes, hetero-oligomeric
P2X1+ 5 ATP receptors were characterized by slowly de
sensitizing currents highly sensitive to the agonist ~IJ
methylene ATP (EC5o = 1.1 p.M) and to the antagonist
trinitrophenyl ATP aC5Q = 64 DM), observedwith neither
P2X1 nor P2Xes aloue. Direct physical evidence for
P2X1+ 5 co-assembly was provided by reciprocal subunit
specifie co-purificatioDS between epitope-tagged P2X1
and P2Xes subunits transfected in HEK-293A cells.

Ionotropie ATP reeeptors constitute a unique class of neuro
transmitter-gated ion channels generated from the assembly of
P2X subunits having two transmembrane-spanning domains
and a protein architecture similar ta the one of the ami1orida
sensitive sodium channels (1. 2). Functional characterization
studies of the seven mammalian cloned P2X subunits heterolo
gously expressed as homomeric ch.annels allowed ta classify
them in three groups aeeording to their properties of desensi
tization and ta their sensitivity ta the agonist a.l3-methylene
ATP (a,Bm-ATP)l: (i) rapidly desensitizing and a,Bm-ATP-sen
sitive reeeptors including P2X1 and P2X3 (3-5), (ü) moderately
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desensitizing and al3m-ATP-insensitive reeeptors including
~ and P~ (6-12). and (ili) nondesensitizing as weIl as
a,Bm-ATP-insensitive receptors including ~. ~, and
~ (11-14). Results from Northern blots and in situ hybrid
ization data (11) have indicated that the six neuronal P2X
subunits genes are traDScribed in specifie but overlapping pop
ulations in the central and peripheral nervous system (1. 11).
This strongly suggests that neUronal P2X subunits belonging
ta different functional groups might co-assemble into hetero
multimeric channels.

AIl P2X subunits have been detected in peripheral sensory
ganglia, reinforcing the view that synaptical1y or Iytically ra
leased ATP eould play an important signaling role in sensory
pathways (1, 11, 15). Rat P2X3 subunits have been reported ta
be exclusively expressed in sma11 to medium-sized isolectin
B4-positive nociceptive neurons in nodose. trigeminal. and dor
sal root ganglia (4, 5. 15). A significant proportion of sensory
neurons are thought ta express hetero-oligomeric P2X2 + 3 ra
eeptors based on their sustained response to af3m-ATP appli
cations (5). However. reeent immunocytochemistry results
have demonstrated that~ and P2X3 subunits in rat dorsal
root ganglia are rarely co-locaIized at the level of centraI pri
Mary afJerents in the dorsal hom of the spinal cord, despite
their high degree ofco-Iocalization in somata, indicating differ
ent subunit-specifie subcellular targetings (16). Altogether,
these data suggest that physiologically relevant associations of
neuronal P2X subunits. giving tise ta phenotypes that are not
mediated by the previously describedP~+3 (5, 17) or~+6
(l8) receptors. remain to be diseovered.

Rat P2Xs subunits mRNAs have the most restricted distri
bution in the P2X family, but in situ hybridization studies have
indicated that P2X1. and P2Xs mRNAs are co-localized in pri
Mary sensory neurons as well as within subsets of large mo
toneurons in the ventral hom of the spinal eord Cl, 11). We
report here the characterization of a novel heteromeric P2X
receptar with hybrid properties generated by co-expression and
co-assembly of P2X1 with~ subunits in Xenopus laevis
oocytes and transfected HEK-293A cells, further strengthening
arguments for a diversity of native ATP-gated channels and
purinergie phenotypes in mammalian neurons.

EXPERIMENTAL PROCEDURES

Moùcular BioloB)'-Full-Iength wild-type rat P2X1 and~ cDNAs
were obtained through polymerase chain reaction amplification using
AlO smooth muscle cells (ATCC No. CRL 1476) and adult rat spinal
card reverse transcribed·cDNA templates, respectively. Reactions were
performed with eu.ct match oligonucleotide primers based upon pub
Iished primary sequences (3, 11, 12) using Pfu DNA polymerase (Strat
agene) ta rnjnjmjze artifactual mutations. Epitape-tagged P2X subunits
with c:arboxyl-terminal hexahistidine motif <His~ or FIag peptide were
constructed as reported previously (18). Briefly. an XhoI·XbaI stuffer
cassette containing in-frame Flag or Hiss epitapes followed by an artî
ficial stop codon was ligated ta P2X1 and~ cDNAs previously mu
tated ta replace their naturaI stop codon with a XhoI restriction site.
P2X1-FIag, P2XJ.-Hisl!l' ~-Flag, and P2JCs-Hiss were then subcloned
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FIG. 1. Co-espre88ÏoD of P2X1 with P2Xs CP2X1+.J yields a slowly detlensitizing current that is activated by alJm-ATP. Whole-œll

c:urrents were recorded from oocytes after nuclear injections with P2X1. cDNA alone, P2Xs cDNA aIone, and P2X1 + P2Xs cDNAs (P2Xh5) on
prolonged applications of50 p.M a13m-ATP. Fast desensitization of the aJ3m-ATP-induced. current occurs in oocytes expressing P2X1 alone but not
in oocytes expressing P2X1 and P2Xs together. P2Xs-expressing oocytes showed weak currents to 50 Jl.M ATP and no detectable response to 50 p.M
a13m-ATP. Oocytes were voltage-clamped at Via = -100 mV. Bars represent the durations ofagonist applications.

•

•

d.irectionally ioto the HindUI-XbaI sites of pcDNA! vector (Invitrogen,
SanDiego, CA> compatible with CMV-drlven heterologous expression in
HEK-293A œIls and Xenopus laevis oocytes. RT-PCR products as weil
as mutant epitope-tagged subunits were subjected to automatic dideoxy
sequencing (Sheldon Biotechnology Center, Montreal).

CeU Culture and Protein. Chemistry--cDNA transfections ofepitope
tagged P2X subunits were performed in mammalian cells. HEK-293A
cells (ATCC No. CRL 1573) were cultured in Dulbecco's modified Eagle's
medium and 10% heat-inactivated fetaI bovine serum CW"U1ent, St.
Bruno, Canada) containing penicillin and streptomycm. Cells reaching
30-50% confluency were used for transient cDNA transfections with
the calcium phosphate method with 10 p.g ofsupercoiled plasmid cDNA
per 106 cells. Transfected HEK-293A cells Wied for Western blots were
then lifted in Hanks' modified calcium-free medium with 20 mM: EDTA,
pelleted at low centrifugation, and homogenized in 10 volumes of10 mM:

HEPES buffer and 0.3 M sucrase, pH 7.40, contaïning protease inhibi
tors phenylmethylsulfonyl fluoride (0.2 mM) and benzamidine (1 mM).
Membranes from celllysates were solubilized with 1% Triton X-100
(Sigma) for 2 h at 4"C and pelleted at 14000 x g for 5 min, and
remaining membrane proteins within supernatants were Wied for West
ern blots. Solubilized proteins were incubated with 25 ~ ofequilibrated
Ni-NTA resin (Qiagen, Hilden, Germany) for 2 h at 4"C under agita
tion. Then Ni-NTA beads were wasbed six times in Tris-buffered saline
containing 25 mM imidazole and l % Triton X-IOO. Bound proteins Were
eluted from Hiscs-binding resin with 500 mM imidazole, diluted 1:1 (v/v)
with SDS-contaïning loading buffer. Samples were then loaded onto
10-12% SD8-PAGE and transferred to nitrocellulose. Immunostain
ings were performed with M2 murine monoclonal antibodies (10 IoLdml)
(Sigma) or chicken anti-FIag polyclonal antibodies (1:200) (Aves) fol
lowed by incubations with corresponding species-specific peroxidase
labeled secondary antibodies (1:5000-1:20,000) for visualization by en
banced chemiluminescence <Amersham Pharmacia Biotech).

Electrophysîology-Electrophysiological recordings were performed
in Xenopus oocytes. Ovary lobes were surgicallyretrieved fromK.laeuis
frogs under deep tricaine (Sigma) anesthesia. Oocyte-containing lobes
were then treated for 3 h at room temperature with type il collagenase
(Life Technologies, Gaithersburg, MD) in caIcium-free Barth's solution
under vigorous agitations. Stage V-VI oocytes were then chemically
defolliculated before nuclear micro-injections of5-10 Dg ofcDNA coding
for each P2Xchannel subunit. Following2-5 days ofincubation at 19 "C
in Barth's solution containing 1.8 mM calcium chloride and 10 p.gIml
gentamicin (Sigma), elicited P2X currents were recorded in two-elec
trode voltage-c1amp configuration using an OC-725B amplifier (Warner
Instruments). Responsive signaIs were low pass filtered at 1 kHz,
acquired at 500 Hz using a Macintosh llci computer equipped with an
NB-MIO-16XL analog-to-digitaI caM (National Instruments). Recorded
traces were post-6.1tered at 100 Hz in Axograph (Axon Instruments).
Agonists, antagonists, and P2X co-factors (10 Jl.M zinc cbloride, pH 6.40
and pH 8.40) were prepared at room temperature in Ringer's perfusion
solution containing 115 mM NaCI, 2.5 mM KCl, 1.8 mM: Ca~, and 10
mM HEPES buft"ered at pH 7.40. Solutions were perfused onto oocytes
at a constant flow rate of 10-12 ml/min. Dose-response curves were
fitted to the Hill sigmoidai equation, and EC50 as well as IC50 values
were determined using the software Prism 2.0 (Graphpad Software,
San Diego, CA>.

RESULTS AND DISCUSSION

To assess the presence of P2X1 +5 heteromers in Xenopus
oocytes co-injected with. both subunits, we tested the expression
ofinward currents duringprolonged applications (5-10 s) ofSO
llM at3m-ATP, exploiting the faet that homomeric P2Xs ATP
gated channels are almost insensitive to this agonist when
applied at concentrations be10w 100 #LM (Fig. 1) (Il, 12).
Whereas homomeric P2X1 receptors desensitize strongly in the
first seconds of agonist application, a slowly desensitizing re
sponse induced by 50 fLM at3m-ATP was observed in oocytes
co-injected with. P2X1 and~ subunits at a 1:1 cDNA molar
ratio (Fig. 1). This hybrid phenotype was the unambiguous
trademark of the expression of heteromeric P2X1 +5 receptors.
Oocytes expressing P2X1 + 5 receptors showed robust SO p.M

al3m-ATP-induced whole-cell currents with amplitudes in the
range of 3-1S pA at Vh = -50 mV after 2-5 days of post
injection time, similar to currents recorded from oocytes ex
pressing P2X1 alone (Fig. 1).

P2X1+ S receptors slowly desensitized during agonist appli
cation but showed complete recovery in 2 min (Fig. 2), a notice
able difference with homomeric P2Xs receptors that do not
desensitize in heterologous systems (Fig. 1) (11, 12). However,
P2Xl+5 receptors (Fig. 2, B and D) recovered significantly
faster than P2X1 receptors, the latter recovering less than 50%
oftheir initial response after 5 min ofwashout (Fig. 2, A and Cl.
We noticed slight differences in the rate of desensitization of
P2X1 + 5 receptors between oocytes (Fig. 2). These variations of
phenotype could be because of the expression ofpopulations of
heteromeric channels with different stoiclùometries, a cell-de
pendant variable that is not controlled in these experiments of
co-injection. The kinetic properties ofP~receptors have been
shown to he modulated by protein kinase A activity (19). Thus
it is possible that inter-individual differences in the leveIs of
endogenous kinase activity present in oocytes could have some
impact on the properties ofdesensitization ofP2X1 + 5 receptors.
Furthennore, the correlation between the number ofP2Xs sub·
units and the kinetic properties of the oligomeric compla:,
which has been reported to be a trimer for homomeric P2X1

channels (20), is not yet known.
P2X1 + S receptors were challenged withATP, af3m-ATP, and

ADP at various concentrations for comparison with the phar
macology of homomeric P2X1 and P2Xs receptors. We meas
ured ECso values for P2X1+ 5 heteromers of 0.4 ~ 0.2 #LM for
ATP, 1.1 ~ 0.6 llM for at3m-ATP and 13 ~ 4 J.LM for ADP (Fig. 3).
These EC150 values were not significantly different from those
obtained with homomeric P2X.1 receptors in the same experi
mental conditions: 0.7 ~ 0.1 p.M for ATP, 2.4 ::t 1 f.LM for
a(3m-ATP, and 47 ::t 9 fLM for ADP (Fig. 3), in good agreement
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FIc. 2. Compariaon of recovery rate from. desensitization between homomeric P2X1 and heteromeric P2X1 + 5 receptors. Shown are
superimposed whole-œll currents recorded from individual oocytes expressing P2X1 (A) or P2XHS reœptors (E) during two applications of
a~m-ATP separated by different time intervals as indicated. 5-5 applications of a~m-ATPat 1 p.M for P2X1 and 10 Jl.M for P2X1 + 5 were recorded
at holding potentials of -100 mV. Shown are mean peak currents evoked by repeated applications of af3m-ATP on P2X1 (C) and P2X1 + 5 reeeptors
(D). Currents were normalized to the value orthe first response (t = 0) in the same oocyte (n = 5).
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with previously published data (S). Differences in the apparent
Hill coefficient nH (cooperativity index) of ADP activation be
tween P2X1 (nH = 4.9 ::t 2.3) and P2X1+ S (nH = 1.6 ::t 0.8) (Fig.
Sc) could be because of the fact that we record from a hetero
geneous population of P2X1-containing receptors with varying
stoicbiometries. The amplitudes of peak currents from P2Xs
expressing oocytes were too smal1 to carry out complete dose
response curve experiments with these agonists (Fig. 1). No
significant differenees were observed between P2X1 + S and
P2X1 receptors during eo-applications ofextracellular zinc ions
(10 pM), protons (pH 6.4), or alkaline solutions (pH 8.4) with
sub-saturating concentrations of ATP (0.1 ILM) (data not
shown). Our results suggest that P2X1 subunits confer their
high al3m-ATP sensitivity to the P2X1 + S heteromers. Another
specifie pharmacological property of P2X1 subunits, the patent
inhibitory effect of trinitrophenyl-ATP (TNP-ATP) (20), is ob
served in the heteromeric receptors (Fig. 4A). In conditions of

co-application of TNP-application of TNP-ATP and aJ3m-ATP
without pre-incubation, we measured an rcso of64 := 14 IlM on
P2X1+ 5 and 200 := 120 nM on homomeric P2X1receptors <Fig.
4B). This subunit association is therefore reminiscent of the
association between~ and P2X3 in which P2X3 is the phar
macologica11y dominant component both for al3m-ATP sensitiv
ity (5, 17) and blockade by TNP-ATP (21, 22).

To demonstrate direct associations between P2X1 and P2Xs
subunits that underlie their assembly in hybrid heteromers, we
assayed their physica1 interaction by co-purification ofepitope
tagged subunits in transfected HEK-293A cells. Purification of
P2Xs-His6 on nickel-bincling resin in nondenaturing conditions
(see "Experimental Procedures" for details) allowed the detec
tion of co-transfected P2X1-Flag in Western blots (Fig. 5,la.ne
C>. Reciprocally, P2X1-His6 was shown to co-assemble with
P2Xs-Flag (Fig. 5, lane D). Positive controIs inc1uded pseudo
homomeric receptors composed of P2X1-His6 + P2X1-Flag or
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FIG. 4. Potent blockade of P2X1 and P2X1 + S receptors-medi·
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P2X1 5 eurrents in conditions ofinhl"bition. B, sensitivity ofP2X1 and
P2X1 5 responses ta TNP-ATP, co-applied with 1 IJ.M af3m-ATP. Peak
currents were normalized ta the response elicited by application of 10
pld af3m-ATP alone (mean == S.E. from 5 ta 8 oocytes per point). Mem
brane potentials were held at -100 mV.

FIG. 5. Physical interactions between P2X1 and P2Xts subunits.
Solubilized P2X proteins {rom transiently transfected HEK-293A œlls
were detected on immunoblots after purification using Hisll-binding
Ni'"-NTA resm. P2X subunits associated with corresponding His6 

tagged partners were probed with anti-Flag antibodies. Co-purifica
tians shown are: P2X1-Hîs6 + P2X1-Flag in lane A (positive contre!),
~-Hiss+ ~-Flag in lane B (positive controI>. P2X.5-His6 + P2X1

Flag in lane C, and P2X1-Hîs6 + ~-Flag in lan.e D. Molecular weight
markers are indicated in kilodaltans.

desensitizing voltage-independent calcium entry that could
play a modulatory role in the release ofcentral neurotransmit
ters glutamate or substance P (24). The effects of presynaptic
P2X.1 + 5 receptors on the release of sensory transmitters can
now be experimentally challenged with application of the
blocker TNP-ATP at low concentrations.
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FIG. 3. Sensitivity of P2X1 and P2X1 + S receptors to the puri.
DergiC agonist8 ATP (A), atJm-ATP (8), and ADP (C). For each
agonist concentration-current re1ationsbip, mean peak currents were
normalized ta the response ta 100 ILM ATP (mean ::: S.E. from 3 ta 10
oocytes per point). Holding potentials were -50 mV CA and B) and -70
mV(C).

P2Xs-His6 + P2Xs-Flag (Fig. 5. lanes A and B). Technical
controIs of transfections with one P2X subunit only or with
sham-transfected HEK-293A cells were negative (data not
shown).

Peripheral sensory neurons have been reported ta express
ATP-gated channels with a slow rate of desensitization and a
high sensitivity ta aJ3m-ATP cha:racterized by ECso in the low
micromolar range (Ref. 5, and references therein). This sensory
phenotype was thought to be exclusively accounted for by the
co-assembly of P2X2 and P2X3 subunits into heteromeric
~+3 receptors (5, 17). Alternatively, we propose from our
results that slowly desensitizing and aJ3m-ATP-elicited ra
sponses could be mediated by hybrid P2Xl + 5 heteromeric re
ceptors endowed with the pharmacology ofP2X1 and the kînet
ics of~. Our data suggest to use TNP-ATP as a specific
antagonist of P2X1-containing ATP-gated channeIs. In spinal
motoneurons where P2X3 is absent, complete blockade of
slowly desensitizing P2X responses by 1 p.M TNP-ATP wouId
indicate the expression of P2X1 +5 heteromeric channels.

Using subunit-specific polyclonal antibodies, Vulchanova et
al. (23) described a strong P2X1 immunoreactivity in the !am
inae I-II ofspinal cord, corresponding to presynaptic labeling of
central axon terminais from dorsal root ganglia sensory neu·
rons. AsP~ and P2X3 subunits do not appear to co-assemble
in heteromeric channeIs in these primary afferents (16), a
presynaptic localization ofP2X1 +5 receptors would provide sen
sory axon terminais with high sensitivity to ATP and slowly
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In the central nervous system, an important role for pu
rines in motor systems is deduced both from the distribution
of severaI P2X subunits mRNA within cranial and spinal
motor nuclei (11) and from the powerful cellular effects of
extracellular ATP on motor outflow (25). More specifica11y, a
subset of large projection motoneurons in lamina IX of rat
spinal cord has been characterized by the co-expression of
P2X1 and P2Xs subunits (11). We propose from their func
tional properties that highly·agonist-sensitive ·P2X1 + 5 recep
tors might provide a specific excitatory function ta the motor
control by allowing a sustained entry ofextracellular calcium
within motoneurons in response to minute amounts of ra
leased ATP.
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Abstract A novel member of the ionotropic ATP receptor gene
family bas been identified in human brain. This 422 amino acid
long P2X receptor subunit bas 62% sequence identity with rat
P2Xs. Several cbaracteristic motifs of ATP-gated cbannels are
present in its primary structur~ but tbis P2Xs-related subunit
displays a single transmembrane domaine Heterologous expres
sion ofchimeric subunits containing the C-terminal domain of rat
P2Xs leads to the formation of desensitizing functiooal ATP
gated channels in Xenopus oocytes. The developmentally
regulated mRNA, round in two splicing variant forms, is
expressed at bigb levels in brain and immune system.

© 1997 Federation of European Biochemical Societies.

Key words: Transmitter-gated channel; Purinoceptor;
Nucleotide; Lymphocyte; CerebelIum

1. Introduction

Mammalian P2X receptors belong to a multigene family of
non-selective cation channels activated by extraceIIular ATP.
The seven known members of the rat P2X family can be
grouped into three functional categories according to their
pharmaeological profiles and to their properties of desensiti
zation. P2X1 [1] and P2X3 [2,3J are highly sensitive to et.f3
methylene-ATP (af3mATP) and desensitize rapidly; P2X2 [4],
P2Xs [5,6] and P2Xj [7] do not respond to a~mATP below
100 J.lM and do not desensitize, whereas P2X.; [8-10] and
P2~ [5] do not respond ta af3mATP. are almost insensitive
to co-applied non-competitive antagonists suramin and
PPADS, and show moderate desensitization. Despite the
fact that high levels of expression of P2X receptors are ob
served in many central and peripheral tissues. reinforcing the
concept of an important" mie for ATP in intercellular commu
nication [Il], much less is known about their human counter
parts. Excitatory ATP-gated channels play a specifie role in
sensory systems [12-14], therefore the development of sub
type-specifie P2X antagonists with analgesic properties should
take into account functional differences between mammalian
species. The reports on the expression of cloned human P2X
orthologs of P2X1 [15], P2X3 [16], P2X.& [17] and P2X, [18]
emphasized both pharmacological and anatomical specificities
that seriously undermine the relevance of our knowledge
based on rodent systems for extrapolation ta human fast pu
rinergic transmission. In an effort to complete the genetic in
ventory of human ionotropic ATP receptors, we report here
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the identification. heterologous expression and anatomical dis
tribution of a novel member of the human P2X gene farnily
isolated from fetal brain.

2. Materials and methods

2.I_ J~olecular clonirrg and in vitro translation
Using the TBLASTN algorithm. virtual screening of the dbEST

database [19] with the whole coding region of rat P2Xt subunit led
to the identification of human fetaI brain EST sequences encoding a
novel P2X gene (GenBank accession numbers T80104 and Z438 11).
The clone tagged by EST T80104 was sequenced on both strands and
was shown to encode a short splicing variant of human P2X subunit
related to rat P2X5: hP2X5R (Fig. 1). A longer splicing variant of
hP2X~R was detec:ted in RT-PCR from human cerebellum mRNA
with exact match primers. The EST clone was engineered to generate
the long version of hP2X5R (Fig. 1), deposited in Genbank under
accession number AFOI67Q9. This hP2X~R clone was transferred
into the HindIII-NotI sites of eukaryotic vector pcDNA3 (Invitrogen)
for CMV-driven heterologous expression in HEK-293 cells and Xeno
pus oocytes. Supercoiled hP2XsR plasmid was used for in vitro trans
lation using the TnT system with TI RNA polymerase (Promega) and
FS]cysteine (IeN) according to the manufaeturer's specifications.

2.2. Construction ofepitope-tagged hP2XSR subunits and
immun%cali=ation

hP2X&R subunit was epitope-tagged (hP2X5R-FL) to facilitate the
immunolocalization of the protein both in situ and in Western blot
from transfected mammalian ceUs. The Flag octapeptide
DYKDDDDK (IBn was inserted by peR in the C-tenninai domain
of hP2XsR using an antisense oligonucleotide primer designed for the
replacement of its natural stop codon by an artificial in·frame Xlro[
site (TCACTCGAGCAACGTGCTCCTGTGGGGCT). Full-Iength
mutant hP2XsR cDNA was amplified in PCR using Pfu polymerase
(Stratagene), then Iigated to an XhoI·XbaI cassette containing the
Flag peptide followed by a stop codon [20] in the pcDNA3 vec:tor.

For transfection of hPlXsa-FL subunits. HEK-293 cells (ATCC
CRLl573) were grown in DMEM-l00/o heat-inactivated fetai bovine
serum (Wisent. St Bruno. Quebec) containing penic:iIlin and strepto
myc:in. Freshly plated ceUs reaching 30-50% confluence were used for
transient transfection using the calcium phosphate method on 90 mm
dishes with 10 /lg supercoiled piasmidl106 cells.

For immunofluorescence, transfec:ted HEK-293 ceUs (48-72 h post
transfection time) were plated at 50-70% confluence in poIy-lysine
coated chambers. Adherent ceIls were washed in PBS and fixed for
20 min at room temperature with 4% paraformaldehyde in 0.1 M
phosphate buffer. pH 8.0. After blocking non-specifie sites with 2%
normal goat $erum. fixed ceUs were incubated with anti-Flag mono
clonal antibody (mAb) M2 (1 /lg/ml. IBD for 1 h at room temperature
in 0.05 M Tris-saline buffer pH 7.2 containing 0.2% Triton X-l00. 5%
normal goat serum and 5% dry milk powder. Bound primary anti·
bodies were detected by immunofiuorescence after 1 h incubation with
Texas red-Iabeled goat anli-mouse (2 /lg/ml) sec:ondary antibodies
(ImmunoResearch Labs).

For high resolution analysis of hP2XsR-FL subcellular distribution.
we used a Zeiss Laserscan Inverted 410 confocal microscope equipped
with an argon-krypton laser set at 580 nm for Texas red. Seriai images
(512x512 pixels) acquired as single optical sections were averaged
over 32 sc:ans/frame and processed with the Zeiss CLMS software
package.

For Western blots. transfected ceUs were lifted in Hanks' modified

0014-5793/97/S17.00 e 1997 Federation of European Biochemic:al Societies. AIl rights reserved.
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calcium-free medium with 20 mM EDTA. pelleted at low speed and
homogenized in 10 volumes of 10 mM HEPES buffer pH 7.4 contain
mg the protease inhibitors phenylmethylsulfonyl fluoride (0.2 mM)
and benzamidine (l mM). Lysates were peUeted at 14000 Xg for
5 min to remove œil debris before protein assay and crude membrane
proteins in supematants were solubilized with SOS-containing loading
buffer. About ISO IJ.g of proteinllane were run on 12% S05-PAGE,
then transferred to nitrocellulose. Immunoprobing was performed
with mouse mAb M2 (l IJ.glml) foUowed by peroxidase-Iabeled sec
ondary antibodies for visualization by enhanced chemiluminescence
(Amersham). .

2.3. Funclional expression of h-rP2Xs chimera in Xenopus oocyles
The domain of hP2XsR containing amine acids 1-318 was fused to

the PCR-amplified domain corresponding to amino acids 318-455 of
rat P2X5 using the natural BamHI site of hP2XsR to generate the
chimera h-rP2Xs. Oocytes surgicaUy removed from mature Xenopus
laevis frogs were treated for 2 h at room temperature wim type II
collagenase (Gibco-BRL) in Barth's solution under agüation. Selected
stage IV-V oocytes were defolliculated manually before nuclear mi-

A
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crolnJection [21] of 10 ng cONA of hP2Xs or h-rP2Xs chimera in .
pcDNA3 vector. Mter 2-4 days of expression at 19°C in Banh's
solution containing 10 IJ.gfml gentamicin. oocytes were recorded in
two-electrode voltage-clamp configuration using a OC-72SB amplifier
(Wamer [nst.). Signais were acquired and digitïzed at 500 Hz using a
Macintosh Hci equipped with an AID card NB-MI016XL (National
Instruments) then traces were post-filtered at 100 Hz in Axograph
(Axon Instruments). Agonists diss~I,v~d in Ringer's solution contain
ing Ils mM NaO. 25 mM Ka, 1·:8 mM Caa2 in ro mM HEPES
pH 7.4 at room temperature were applied on oocytes by perfusion in
constant flow (lO mI/min).

2.4. RT-PCR dereClion ofhP2X;R mRNA from human cerebellum and
(vmphocyres

Total RNA from post-mortem adult human cerebellar corte.~ and
adult Lymphocytes were isolated using TrïzoL reagent (Gibco-BRL).
Then 5 IJ.g of each RNA was subjected to random-primed reverse
transcription with Superscript (Gibco-BRL). Around LOO ng of RT
cDNA was used as template for PCR with the following primers:
forward lTCGACTACAAGACCGAGAAGT (Pl. see Fig. lB) and

B
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Fig. l. Molecular cloning of a novel mcmber of the human P2X ATP gene family: hP2X:;R. A: Nucleotide sequence and ORF domain. Poten
tial intracellular phosphorylation sites are indicated. as weIl as cysteine residues (bold) and N-glycosylation sites (italics) in the putative extracel
lular domain of the subuniL The spliced domain of 24 amino acids (Gly!J'-Glul:!O). absent in the short variant from brain. is boxed. The puta
tive splicing site of missing TM:! sequence is indicated by the arrowhead. B: Alignment of human and rat P2X:; amine acid sequences and
positions of PCR primers based on hP2X5R primary structure:.
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Fig. L Heterologous expression and immunodetection of hP2X."iR
subunits. A: In vitro translation of recombinant wild-type (1) and
Aag-tagged hP2X!jR (2). B: Detection in Western blot of epitope
tagged hP2X'iR (1) and rat P2X.J (2) from transfected HEK-293
cells.

•• • •1-

2.5. Distribution ofhP2XSR transeripts in human tissues
Known amounts of mRNA blots corresponding to equivalent tran

scription levels of housekeeping genes from various fetal and adult
human tissues (Masterblot. Oontech) were probed with full-iength
random-primed Fp]hP2.XsR cDNA at high stringency (final elution
at 65"C in 0.3 xSSC buffer). Hybridization signaIs were quanritated
using a Storm phosphorimager and the [mageQuant application CMo
lecular Dynamics) before subtraction of background and normaliza
tion of transcription levels.

reverse CTTGACGTCcrrCACATTGT (P2) to amplify the region
corresponding to nucleotides 75-671 around the splicing event. as weU
as forward GAGGCCGAAGAClTCACCAT (P3) and reverse
CCTCGTACTTCTTGTCACGG (P4) to detect the expression of a
complete second transmembrane domain (TM2). Non-RT samples
ampIified in the same conditions provided the negative controis. [n
tegrityand representativity of RT-cDNA were checked by amplifica
tion 'of human P2X, subunit message [IS} and human P~ message
[17] with appropriate primers in lymphocytes and in cerebellum. re
spectively (data not shawn).

domain. hP2X;;!t displays an highly conserved threonine resi
due (Thrt8). potentially susceptible to phosphorylation by
protein kinase C. In addition. a serine residue (SerI:!) is round
in a consensus site for phosphorylation by casein kinase IL [n
the putative extracellular domain of hP2XsR, aIl 10 cysteine,
aIl proline, 91% of. ·glycine aqd 75% of lysine residues are
present at homologous positionsin ·all P2X subunits. indicat
ing their criticaI roles in the folding and function of this sen
sor region. We checked the real·position of the predicted stop
codon by in vitro translation as weil as Western blot (Fig. 2).
The recombinant subunit and its epitope-tagged mutant mi
grate at a kIr of 49 ±2 kDa and 51 ±2 kDa. respectively. in
agreement with the caIculated MW of 47 kDa for wild-type
hP2XsR (Fig. 2B). At least one of the 3 N-linked glycosylation
consensus sites present in the extracellular domain of hP2XsR

is used, according to the difference of M r (up to Il kOa)
between in vitro translated hP2XsR and hP2XsR expressed
in transfected HEK-293 ceUs (Fig. 2B,C). The multiple bands
observed in Western blot from transfected cells could be due
to the co-expression of severai glycosylated forms of hP2X!)R
(Fig. 2B).

The integrity of the protein was also checked by detection
of heterologously expressed epitope-tagged hP2XsR mutants
using in situ immunofiuorescence (Fig. 2AFig. 3). Analysis
of the subcellular localization of hP2XsR-FL in HEK-293 ceUs
using confocal microscopy indicated a correct targeting of the
subunit to the plasma membrane (Fig. 3), quantitatively sim
ilar to the surface distribution of the functional P2X receptors
rat P2X1-FL and rat P2)4-FL [14]. When expressed in Xeno
pus oocytes. homomeric hP2X'i channels do not respond to
extracellular ATP applied at concentrations up to 1 mM.
However, the chimera h-rP2X.h made of the N-tenninal do
main of hP2Xs linked to the C-terrninaI domain of rat P2X!i,
revealed the formation of cationic ATP-gated ion channeIs
(Fig. 4). These channels run down rapidly and do not recover
fully from desensitization after extensive washing of agonist
lasting severaI minutes in constant perfusion (Fig. 4). There-

-104
-82..

...4
- 48

C
1 2 1 2

B

A

•

•

Fig. 4. Functional expression of the chimera h-rP2X., in Xenopus
oocytes. Fast and desensitizing inward currents evoked by lOO IlM
extracellular ATP were recorded after 2-4 days of expression in
two-elec:trode voltage-clamp configuration (holding potential
Vb =-100 mV). Repeated applications of agonist at time ta +500 s
or to +700 s showed profound desensitization of the chimeric ATP
gated channels.

2scc

ta +5005

[ATPI=I~

i

The longest reading frame of hP2XsR cDNA encodes a
protein of 422 amino acids that displays 62% sequence iden
tity with rat P2Xs and several unique motifs conserved in aU
P2X receptor subunits (Fig. 1). In the intracellular N-terrninal

3. Results and discussion

Fig. 3. Subcellular distribution of hP2X:;R subunits expressed in
HEK-293 cells using confocal microcope immunofluorescence. Ar
f"OWS indicate the localization of hP2XsR subunits on the plasma
membrane.•
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Fig. 6. Relative levels of expression of central and peripheral
hP"-X;R mRNA in human fetal (shaded bars) and adult tissues us
ing hybridization of a full-Iength cDNA probe on poly(A)~ RNA
blot.
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distribution. so one striking difference between rat and human
P2X receptor genes is the high expression of hP2XsR in the
brain and in peripheraI tissues. The developmental regulation
of levels of transcription and the tissue specificity observed in
mRNA splicing do not seem compatible with the expression
of a processed pseudogene [27]. However, it is possible that
undeteeted splicing variants of hP2X.5R with two transmem
brane domains would form functional human P2Xs channels
in homomeric forro or assemble in heteromeric complexes in
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channels [30]. the regulatory effect of a dominant negative
truncated hP2X5R subunit on hurnan heteromeric ATP-gated
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Fig. 5. The hP2X~R transcripts are expresse<! in two altematively
spliced forms in human brain as detected in RT-PCR amplification
(1. primers PI +P2). The full-Iength form is predominantly found in
lymphocytes (3. primers PI +P2). Both hP2X:;R mRNA populations
from brain (2. primers P3+P4) and lymphocytes (4. primers P3+P4)
encode subunits with a single transmembrane domain.
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fore. despite the high sequence simiIarity with non-desensitiz
ing wiId-type rat P2Xs (62%). this ehimerie channel displays a
unique functional propeny not found in any other known
homomeric or heteromeric subtypes. These data suggest that
the kinetics of desensitization of P2X channels is dependent
on subtle rules of complementarity between the N-terminaI
and the C-tenninal halves of the subunits. as has been shown
for P2X t and P2X2 [23].

We observed the expression oCa splicing variant identified
in fetaI and adult brain by RT-PCR (Fig. 5). differing from
the long forro of hP2XsR by the absence of a cassette of 24
amino acids, corresponding to the domain Gly97_Glu120 (Fig.
1). This cassette contains one of the ID extracellular cysteines.
so the expression of this shon variant is due either to sorne
inaccuracy in the intronlexon splicing mechanisms or to sorne
functionaI regulation. Interestingly. the region including ami
no acids Ala328-AlaJ.l9 in rat P2X5. corresponding to the pre
TM2 region and the outer mouth of TM2 in P2X receptor
subunits [""']. is consistently absent in hP2XsR mRNA from
brain and from lymphocytes. despite the high sensitivity of the
RT-PCR method used and the high levels of expression in

.both tissues (Fig. 6). Funhermore. attempts to detect a var
iant -of hP2XsR with a complete TM2 faiIed in tissues where
homologous ra~ P2X5 has been localized by in situ hybrid
ization [5]. like spinal cord and trigeminal sensory ganglia
(data not shown).

To assess the anatomical distribution. we measured the rel
ative Ievels of transcription of the hP2Xm gene in quantitative
mRNA dot blot. Hybridization signaIs from a variety of fetai
and adult tissues showed widespread but selective distribution
of central and peripheral hP2XsR tran5cripts (Fig. 6). The two
systems primarily involved in the processing of extracellular
information. i.e. the central nervous system and the immune
system. show the highest levels of hP2X'iR expression. We
measured a dramatic developmental down-regulation of
hP2XsR mRNA in the thymus from the fetal to the aduIt stage
(Fig. 6) that could be related to the massive apoptosis of
immature thymocytes occurring during negative selection
[24]. P2X1 mRNA has been found to be upregulated during
the apoptosis of immature thymoeytes [25] 50 the distribution
of hP2Xs argues strongly for an imponant role of P2X re
ceptors in clonaI deletion of immune ceIls. With only one
transmembrane region. the structure of hP2XsR is reminiseent
of tyrosine kinase receptors [26]. We speeulate that hP2XsR
could be activated by the binding of an unidentified extracel
lular ligand or could be involved in the regulation of channel
subunit interactions both in the brain and in the immune
system.

The rat P2X5 is the neuronal subunit with the most limited
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Abstract: Small changes of extraceUular pH activate de
polarizing inward currents in most nociceptive neurons. It
has been recently proposed that acid sensitivity of sen
sory as weil as central neurons is mediated by a family of
proton-gated cation channels structura!ly related to
Caenorhabditis elegans degenerins and mammalian epi
thelial sodium channels. We describe here the molecular
cloning of a nover human proton receptor. hASIC3. a
531-amino acid-Iong subunit homologous to rat DAASIC.
Expression of homomeric hASles channels in Xenopus
oocytes generated biphasic inward currents elicited at
pH <5. providing the first functional evidence of a human
proton-gated ion channel. Contrary to the DRASIC cur
rent phenotype, the fast desensitizing early component
and the slow sustained late component differed both by
their cationic selectivity and by their response to the
antagonist amiloride, but not by their pH sensitivity (pHso
= 3.66 vs. 3.82). Using RT-PCA and mANA blot hybrid
ization, we detected hASIC3 mRNA in sensory ganglia.
brain, and many internai tissues including lung and testis,
so hASICS gene expression was not restricted to periph
eral sensory neurons. These functional and anatomical
data strongly suggest that hASICS plays a major role in
persistent proton-induced currents occurring in physio
logical and pathological conditions of pH changes, Iikely
through a tissue-specific heteropolymerization with other
members of the proton-gated channel family. Key
Words: Proton-gated channel-Degenerin-Amiloride-
Trigeminal sensory neurons-Pain-Xenopus oocytes.
J. Neurochem. 72,51-57 (1999).

Acid sensing is a specifie kind of chemoreception that
plays a critical role in the detection of nociceptive pH
imbalances occurring in conditions of cramps, trauma.
inflammation. and hypoxia (Lindahl, 1974). In mam
mals, a population of small-diameter primary sensory
neurons in the dorsal root ganglia and trigeminal ganglia
express specialized pH-sensitive surface receptors acti
vated by increase of extracellular proton concentration
(Bevan and Yeats, 1991). Native electrophysiologicai
responses of sensory neurons to applications of pH 5.8
6.5 are characterized by a fast desensitizing inward cur
rent followed by a slow sustained CUITent (Krishtal and
Pidoplichk:o, 1981). Clarifying the native molecular
composition of proton sensors in human sensory neurons

51

will be an important step in the rational development of
a novel class of analgesics. A family of genes coding for
neuronal proton-gated channels subunits has been dis
covered recently (Garcia-Anoveros et aL, 1997; Wald
mann et al.• 1997a.b). Heterologously expressed amilo
ride-sensitive homomeric rat acid-sensing ion channel
(ASIC) (Waldmann et al., 1997b) responds to small pH
changes by a fast desensitizing sodium-selective CUITent.
whereas marnmalian degenerin 1 (MDEG1) (Waldmann
et al., 1996) and dorsal root ganglia ASIC (DRASIC)
(Waldmann et al.• 1997a) require drastic pH changes to
gale desensitizing and biphasic currents. respectively.
ASIC and MDEG1 can associate together to generate a
heteromeric channel activated at 10w pH «5) with
unique kinetics and ionic selectivities (Bassilana et al.•
1997). A neuronal splicing variant of MDEG1 was
shown to modulare DRASIC biophysicai properties by
heteromeric association (Lingueglia et al.• 1997). These
proton-gated channels share a putative two-transmem
brane domain topology and colocalization in small
diameter capsaicin-sensitive sensory neurons with P2X
ATP-gated channels (North, 1997). From their sequence,
they belong to an expanding gene superfamily including
mammalian epithelial sodium channels (Canessa et ai.•
1994a.b). pickpocket (pPK) and ripped pocket (RPK)
subunits from Drosophila (Adams et al., 1998), de
generins of Caenorhabditis elegans (Corey and Garcia
Anoveros. 1996), and the FMRFamide-gated channel of
Helix aspersa (Lingueglia et al., 1995). Despite their
potential importance in monitoring pH changes in CNS
and sensory pathways. human proton receptor genes
have not yet been functionally characterized. We report
here for the fust time the heterologous expression of a
human proton-gated channel. as weIl as significant inter
species differences observed both in functional proper
ties and in regionai distribution of acid sensors.
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MATERIALS AND :METHÜDS

Molecular cloning .
Using the tblastn algorithm. virtual screening of the dbEST

database of NCBI (Lennon et al.• L996) with probes corre
sponding to the protein motif LXFPAVTLCNXNXXRXS.
conserved in aIl known membe~ of the degenerinlENaClASIC
family. led to the identification of human EST sequences en
coding a novel member of the proton sensor gene family
(GenBank accession nos. AA449579 and AA429417). The
clone tagged by 5' EST AA449579 and by 3' EST AA449322
from a total fecus cDNA library was sequenced on both strands.
using walking primers and an ALF DNA sequencer (Phanna
cia-LKB). Full-length hASIC3 was subcloned directionally
iDto unique EcoRI and NotI sites of eukaryotic vector pcDNA3
(Invitrogen) for eytomegalovirus promoter-driven heterologous
expression in Xenopus oocytes.

Electrophysiology in Xenopus oocytes
Oocytes surgically removed from adult Xenopus laevis were

treated for 2 h at room temperature with type II collagenase
(GibcoBRL) in Barth·s solution under constant agitation. Se
lected oocytes at stage IV-V were defolliculated manually
before nuclear microinjections (Bertrand et al.• 199L) of5 ng of
hASIC3 in pcDNA3 vector. After 2-4 days of expression at
19°C iD Batth·s solution containing 50 ILg/ml gentami~

currents were recorded in the two-electrode voltage-clamp con
figuration. using an OC-725B amplifier (Wamer Instruments).
Whole-cell currents were acquired and digitized at 500 Hz on
a Macintosh IIci computer with an AJD NB-M1016XL inter
face (National Instruments). then recorded traces were postfil
tered at 100 Hz iD an Axograph (Axon Instruments). Agonist.
amiloride. and wash solutions were prepared in a modified
Ringer's solution containing 115 mM NaCr. 25 mM KCI. and
1.8 mM CaC12 in 5-20 mM HEPES (Sigma) buffer adjusted
with NaOH or HCI al pH 2-8 and applied on oocytes by
constant perfusion (10-12 ml/min) at room lemperature. Mean
± SEM values corresponded to measurements from a mini
mum of five oocytes.

RT·PCR and mRNA dot-blot hybridization
Total RNA from postmortem samples of nonnal human

trigeminal ganglia were isolated by using TriZOL reagent
(GibcoBRL). then 1 ILg was subjected to random-primed re
verse transcription using Superscript (GibcoBRL). Around 100
ng of RT-cDNA was used as template for PCR with Expand
DNA polymerase (Boehringer-Mannheim). Specific hASIC3
primersTCAGTGGCCACCITCcrcrA (forward) and ACAG
TCCAGCAGCATGTCATC (reverse) were used to amplify the
region corresponding to nucleotides 175-513 (see Fig. LA).
After initial template denaturation for 2 min al 94°C. thermal
cycles consisted of 45 s at 94°C. 45 s at 55°C. and 2 min at
72°C for 30 cycles. Molecular identity and homogeneity of
PCR products were checked by sizing and specific restriction
patterns. Initial sample loading was checked by coamplification
of glyceraldehyde-3-phosphate dehydrogenase housekeeping
rnRNA. RNA samples not subjected to reverse transcription but
PCR-amplified in identical conditions provided our negative
commis.

Known amounts of human poly(A)· RNA (89-514 ng).
isolated from various fetaI and adult nonnal tissues and nor
malized for the transcription levels of several housekeeping
genes (Clontech), were dot-blotted and probed with thé 32p_
labeled EcoRI-XhaI fragment of hASIC3 cDNA at high strin
gency (final elution at 65°C in 0.3 X saline-sodium citrate
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buffer for 10 min). After exposure for 16 h. hybridization
signais were acquired and quantitated by using a Stonn phos
phorimager (Molecular Dynamics). and then analvzed in den
sitometry with ImageQuant software (Molecular Dynaritics).

Data analysis -.-: .~

All data are expressed as mean ± SEM values and represent
results of experiments done in triplicate on at least three sep
arate oocyte preparations. Slatisticai methods consisted of two
tailed r tests and regression analysis available with the PRISM
software package (GraphPad. San Diego. C~ U.S.A.). Non
linear regression on UV curves used the Boltzman equation.
whereas dose-response curves were fitted with the four-param
eter 10gistic equation. Multiple comparison of sigmoidal curves
was evaluated by the partial F test. using ALLFIT software (De
Léan et al.• 1978).

RESULTS

Primary structure of hASIC3 channel subunit
Sequence analysis of the 1.7-kb-IonO' hASIC3

+ e
poly(A) mRNA revealed an open reading frame encod-
ing 531 amino acids (Fig. lA). with initiation of trans
lation at the proximal Met codon located at nucleotide
position 22. The predicted molecular mass of 59 kDa for
the immature protein was confinned by in vitro transla
tion (data not shown). According to the current topolog
ical model based on primary structure analysis and bio
chemical tests. a large domain of 365 arnino acids faces
the extracellular side of the plasma membrane (Canessa
et al., 1994a.b). In this extracelluIardomain, a total of 15
cysteine residues are highly conserved in the ASIC fam
ily, with the exception of Cys267 being absent in human
BNaCl (bASIC2) only. Two potential sites for Asn
linked glycosylation. Asn175 and Asn398• are located in
this cysteine-rich loop. Consensus sites for phosphoryla
tion by casein kinase II (Ser) and by protein kinase C
(Ser39 • Ser478

• Ser493 , and SerS!l) are found in the intra
cellular N-terminal domain of hASIC3 as weIl as in the
intracellular C-tenninal domain (Fig. lA). The hASrC3
subunit displays 83% of identity with rat DRASIC sub
unit at the amina acid level. 48% with human BNaC2
(hASrCl) and 47% with BNaCI (hASIC2) (Fig. lB).
Therefore. hASIC3 belongs to the proton-gated channel
family. itself a branch of the degenerinlENaCJFMRF
arnide-gated channel phylogenetic tree (Fig. lC).

Functional and pbannacological properties of
homomeric hASIC3 channels

When heterologously expressed in Xenopus oocytes.
hASIC3 subunits assemble into functional homomeric
channels activated by low extracellular pH (Fig. 2A).
Rapid changes of exrracellular pH (Fig. 2B and C) re
vealed a biphasic response. This unique phenotype was
characterized by a fast and rapidly desensitizing current
followed by a slow and sustained current that retumed to
baseline ooly on retum to physiological pH. The relative
amplitude of the fast current appeared dependent on the
slope of the pH gradient applied (Fig. 2A and C). How
ever. we found the pH sensitivity of the two hASIC3
mediated currents to be almost identical with a pHso of



•

•

A

BIPHASIC HUMAN PRDrDN-GATED CHANNEL
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FIG. 1. Nuc/eotide and predietad amine acid sequence of hASIC3 cDNA (A), deposited in GenBank database under the accession no.
AFOS?7". Two stretches of 20-34 amine acfds corresponding to potentiaJ transmembrane domains, identified in Kyte-Doolitt/e
hydrophobicity plot, are highlighted. Consensus phosphorylation sites in intracellu/ar domains and N-glycosy/ation sites in extracellular
domain are indicated by circlad and boxed residues, respectively. Hom%gy (%) of hASIC3 (8) and phy/ogenetic re/ationships (C) with
known members of the human AS/C/ENaC family. The protein dendrogram was generated by using UPGMA algorithm (Geneworks
2.5.,. Oxford Mo/ecu/ar Group)•
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RG. 2. Biphasic current phenotype of homomeric hASIC3 channels; effects of increasing rates of pH change. Oocytes were clamped
at - 70 mV and continuously perfused with Ringer's buffer containing 10 mM HEPES at pH 7.6. pH was then dropped to 4.0 for 10 s
with increasing pH gradients obtained by raising the buffer capacrty differential between control and test buffers: A: pH 7.6-4.0 in 10
mM HEPES. B: pH 7.6 in 5 mM to pH 4.0 in 10 mM HEPES. C: pH 7.6 in 5 mM to pH 4.0 in 20 mM HEPES. Contrais done with the test
buffers at pH 7.6 did not activate the hASIC3 channel. Oocytes injected with injection buffer a10ne showed no inward currents. The
amplitude of the earfy but not the late component. and thus the ratio of early ta late peak currents, appears ta be very sensitive to the
speed at which the pH drops from normal to acid pH values.
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3.66 :!: 0.06 (fast) vs. 3.82 :!: 0.04 (slow) (Fig. 3). The
positive cooperativity reflected in the dose-response
curve profile, nHfast = 1.57 :!: 0.3 and nHslow = 1.55
:!: 0.17, indicated that at least two protonations on two
subunits are required to gate the cation channeL To study
possible differences of ionic selectivity between fast and
slow components, we performed a current-voltage rela-
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FIG. 3, Dose-response curves of pH activation of hASIC3 cur
rents. Dos~esponse curves were constructed in 20 mM
HEPES buffered at different pH values from 6.0 to 3.0. Peak
currents of fast and slow currents were analyzed with the four
parameter logistic equation and the partial F test for statistical
comparison. Each point represents mean =SEM tram this typ
icai experiment. Apart trom the maximal response. no other
significant difference was observed between both curves.
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tionship at pH 4.0 in nonnaI Ringer. The peak amplitude
of the fast component displayed sorne voltage depen
dence from its slight inward rectification, whereas the
slow and sustained component was ohrrùc in the range
from -70 to + 70 mV (Fig. 4B). Furthennore, although
both reversal potentials were greater than 30 mV as
expected for channels conducting mainly sodium, we
measured a ÂErev = + 15 :::!: 3.2 m V (p < 0.01) between
the fast (+32.9 :!: 4.4 rnV) and the slow component
(+48.2 :::!: 4.8 mV) (Fig. 4A and B). These (wo phases of
proton-induced hASIC3 current differed aIso by their
sensitivity to the antagonist amiloride. Coapplication of
100 (.LM amiloride with pH 4.0 under conditions of
biphasic response demonstrated a more efficient block
ade of the fast (62.8 ~ 6.5%) than of the slow current
(28.7 ~ 4.6%) by amiloride (Fig. 5A and B).

Central and peripheral distribution of hASIC3 gene
expression

As a rough index of anatornical distribution and
mRNA abundance, we noticed severa! cDNAs encoding
hASIC3 in total fetus and testis cDNA libraries repre
sented in the dbEST database. Results obtained in RNA
hybridization at high stringency confirmed that the
hASIC3 gene is transcribed in a wide spectrum of inter
nai organs as weIl as in the CNS (Fig. 6). In the adult
stage, hASrC3 transcripts were detected in lung, lymph
nodes, kidney. pituitary, heart, and testis as weIl as in
brain and spinal cord. A developmental up-regulation of
bASIC3 gene expression was apparent when comparing
fetaI vs. adult mRNA levels in lung and kidney (Fig. 6).
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channel family, genetically identical to hTNaC isolated
from human testis (Ishibashi and Marumo. 1998). Sig
nificant homologies found both in exrracellular and in
transmembrane domains of the predicted bASIC3 sub
unit with known proton-gatetL.channels were substanti
ated by our electrophysiologiciù data showing activation
of the homomeric channel by changes of extracelluIar
pH. In contrast to rat ASIC. which responds to slight
extemal acidification~ a drastic pH decrease (pHso -4)
was required to activate bASIC3 channels when heter
ologously expressed in Xenopus oocytes.

Despite a strong conservation of primary structure. the
hASIC3 channel displayed several interesting differ
ences of properties with its rodent homologue DRASIC.
Two potential regulatory protein kinase C sites found in
bASIC3 sequence are conserved in DRASIC (Ser39 and
SerS21), 50 the functional impact of phosphorylation of
these domains will he worth- investigating in the context
of heterologous sensitization of nociceptive response by

DISCUSSION

We report in the present study the characterîzation of
a novel central member of the human degenerinlENaC

lm slowlm f.st

pH 4.0A

B

+AmUoride 0.1 mM

FIG. 5. Differentiai sensitivity of the fast and slow hASIC3 cur
rents to ami/oride. hASIC3 currents were activated by pH 4.0 in
the presence and absence of 100 ,.,M amiloride (A). Inhibition by
ami/oride was much stronger on the fast than the sustained
current. B: Data are mean ~ SEM values (n = 17) of residual
peak currents during amiloride application for the fast (37.2
~ 6.4%) and sustained (72.0 ~ 3.8%) components expressed as
percentages of controls. StatisticaJ significance was evaluated
by unpaired two-tailed t test \p < 0.001).

7S
V (mv)

1 (DA)

·25
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Thus, hASIC3 subunit expression is not restricted exclu
sively to sensory ganglia as is its rat homologue DRA
SIC, explaining our decision to use a chronological no
menclature that is distribution independent. The poten
tially important function of noninactivating proton-gated
channels in nociceptive sensory neurons was nevenhe
less confinned by the detection of high levels of ASIe3
mRNA in adult human trigeminal ganglia, using RT
PCR (Fig. 7).

FIG. 4. Current-voltage (IIV) relationship of the fast and slow
hASIC3 currents. Recordings were done in Ringer's buffer con
taining (mM) NaCI115, Kel 2.5, CaCI2 1.8, and HEPES 5, pH 7.6.
The lN relationship was established by measuring peak currents
of both fast and slow responses to pH 4.0 (applied 1 s after
voltage step) at different membrane potentials, after subtracting
background currents recorded without pH applications (A). Peak
current values were plotted (8) and reversai potential estimated
from Iinear (slow current) and nonlinear (fast current) regression
analysis. A and B repréSent a typical experiment where reversai
·potentials were 33.4 and 44.8 mV, respectively, for the fast and
slow currents.

•

•

J. Nturochtm.. VoL 72. No. 1. 1999



BIPHASIC HUMAN PROrON-GATED CHANNEL

•

•

•

= 1.32) (Konnerth et al., 1987; Bevan and Yeats, 1991);
(2) if most capsaicin-sensitive sensory neurons display
biphasic pH responses, sorne display either the fast or the
slow component (Krishtal and Pidoplich.k:o, 1981; Bevan
and Yeats, 1991); and (3) the two phases appear to he
differentially regulated by nerve growth factor in pri
mary cultured sensory neurons (Bevan and Winter,
1995). The ionic selectivity favoring sodium over potas
sium ions and the low sensitivity to pH of hASIC3
suggest that it is associated with other ASICs or non
ASIe partners in sensory neurons to generate a native
heteromeric channel with emergent phenotype not pre
dicted from the properties of each individual component.
Indeed, Lingueglia and colleagues (1997) reponed that
DRASIC could associate with silent MDEG2. a splicing
variant of MDEG, to produce a proton sensor poody
sensitive to pH but endowed with a weak cation selec
tivity doser to the properties of the native current. Al
tematively, it is aIso possible that posttranslational mod
ifications of proton sensor subtypes composed of known
subunits could explain the nonselective and sustained
ionotropic responses elicited by small pH changes in
mammalian sensory neurons.

Acknowledgment: We thank Or. E. Hamel (Montreal Neu
rological Institute, McGill University) for the availability of
postmortem human trigeminal ganglia. We aIso gratefully ac
knowledge the Astra Research Center in Montreal, the Medical
Research Council of Canada (MRC), the Savoy Foundation for
Epilepsy (SFE), the T2C2 Group, as weIl as the Fondation des
Maladies du Coeur du Québec for their operating support. K.B.
15 an MRC-Astra postdoctoral Fellow, K.-TL. holds a PhD
studentship from the SFE, and P.S. is a junior Scholar from the
Fonds de la Recherche en Santé du Québec.

REFERENCES

Adams C. M.. Anderson M. G.• Motta D. G.• Priee M. P.• Johnson
W. A. and WeIsb M. J. (1998) Ripped pocket and pickpocket,
novel Drosophi/a DEGlENaC subunits expressed in carly devel
opment and in mechanosensory neurons. J. Cell BioL 140, 143
152.

Bassilana F., Champigny G.• Waldmann R, de Weille J. R.. Heuneaux
C.• and Lazdunski M. (1997) The acid-sensitive ionie channel
subunit ASIC and the mammalian degenerin MDEG form a bet
eromultimeric H-+--gated Na+- channel wim novel properties.
J. BioL Chem. 272, 28819-28822.

Bertrand D.• Cooper E.. Valera S•• Rungger D.• and Ballivet M. (1991)
Electrophysiology of neuronal nicotinic acetylcholine receptors
expressed in Xenopus oocytes following nuc1ear injection ofgenes
or cDNAs. in Merhods in Neurosciences (Conn M. P., cd), pp.
174-193. Academie Press, San Diego.

Bevan S. and Winter J. (1995) Nerve growth factor (NGF) differcn
tially regulates the chemosensitivity of adult rat cultured sensory
neurons. J. NeuTOsci. 15,4918-4926.

Bevan S. and Ycats J. (1991) Protons activate a cation conductance in
a subpopulation of rat doÎ'sal root ganglion neurones. J. PhysioL
(Land.) 433, 145-161.

Canessa C. M.• Merillat A. M., and Rossier B. C. (1994a) Membrane
topology of the epithelial sodium channel in intact cells. Am. J.
PhysioL 267, CI682-e1690.

Canessa C. M.. Schild L.. Bueil G.• Thorens B.• Gautsehi 1., Horis
berger J.-D., and Rossier B. C. (1994b) Amiloride-sensitive epi
thelial Na-+- channel is made ofthree homologous subunits. Narure
367, 463-467.

57

Corey D. P. and Garcia-Anoveros J. (1996) Mechanosensation and the
DEGlENaC ion channeIs. Science 273, 323-324.

Coseoy S_ Lingueglia E.. Lazdunski M•• and Barbry P. (1998) The
Phe-Mer-Arg-Phe-amide-activated sodium channel is a retramer.
J. Biol. Chem. 273,.·8317-8322-

De Léan A_ Munson P. J.• and R6dbard D. (1978) Simultaneous
analysis of families of sigmoidai curves: application to bioassay.
radioligand assay. and physiologicaI dose-response curves. Am. J.
PhysioL 235, E97-EI02.

Dray A.. and Perkins M. (1993) Bradykinin and inOammarory pain.
Trends Neurosci. 16,99-104.

FIrSOV D.• Gautsehi I., Merillat A·M.. Rossicr B. C.• and Schild L.
(1998) The hetecotetrameric architecture of the epithelial sodium
channel (ENaC). EMBO J. 17,344-352.

Garcia-Anoveros J .• Dertler B.• Ncville-Golden J.• Hyman B. T.• and
Corey D. P. (1997) BNaO and BNaC2 constirutc a new family of
human neuronal sodium channeIs relared tO degenerins and cpi
theIial sodium channeIs. Proc. NatL Acad. Sci. USA 94. 1459
1464.

Ishibashi K. and Marumo F. (l998) Molecular cloning of a DEGlENaC
sodium channel from human testis. Biochem. Biophys. Res. Com
mun. 245, 589-593.

Kleyman T. R. and Cragoe E. J. (988) AmiIoride and its analogs as
tools in the study of ion transport. J. Membr. BioL 105, 1-21.

Konnerth A.. Lux H. D .• and Moraci M. (1987) Pcoton-induced trans
formation of calcium channel in cbick dorsal mor ganglion cells.
J. PhysioL (Lond.) 386, 603-633.

Krishral O. A. and Pidopliehko V. 1. (1981) A receptor for protons in
the membrane of sensory ncurons may participare in nociception.
Neuroscience 6, 2599-2601.

Krisbtal O. A.. Osipchuk Y. V.• Shelest T. N.• and Smimoff S. V.
(1987) Rapid extracellular pH transients related to synaptic trans
mission in rar hippocampal sIiees. Brain Res. 436, 352-356.

Lennon G.• Auffray C.• Polymeropoulos M .• and Soares M. B. (1996)
The I.M.AG.E. consortium: an inregrated molecular analysis of
genomes and their expression. Genomics 33, 151-152.

Lindahl O. (974) Pain-a. general chemical explanation. Ad". NeuroL
4,45-47.

Lingueglia E.. Champigny G.• Lazdunski M•• and Barbry P. (1995)
Cloning of the amiloridc-sensitive FMRFamide peptide-gated so
dium channel. Narure 378, 730-733.

Lingueglia E.. de WeiUc J. R.. Bassilana F.. Heurteaux C•• Sakai H.•
Waldmann R.. and Lazdunski M. (1991) A modulatory subunit of
acid sensing ion channeIs in brain and dorsal mot ganglion ceUs.
J. BioL Chem. 272, 29nS-29783.

North R. A. (1991) Familles of ion channels with [WO hydrophobic
segments. Cllrr. Opin.. Cell Biol. 8, 474-483.

Price M. P.• Snydcr P. M., and Welsh M. J. (1996) Cloning and
expression of a novel human brain NaT channel. J. BioL Chem.
271, 7879-7882.

Snyder P. M.. Cheng C., Prince L. S•• Rogers J. C.• and Welsb M. J.
(1998) Elecrrophysiological and biochemical evidence that DEGI
ENaC cation cbannels are composed of nine subunits. J. Biol.
Chem. 273, 681-684.

Tavemarakis N.• SbreffterW., Wang S.• and Driscoll M. (1997) une·8.
a DEGlENaC family member, encodes a subunit of a candidate
mechanically gated channel thar modulares C. elegans locomo
tion. Neuron 18, 107-119.

Waldmann R...Champigny G.• VoilIey N.• Lauritzen L. and Lazdunski
M. (1996) The mammalian degenerin MDEG. an amiloride·sen
sitive cation channel activated by mutations causing neurodegcn
cration in Caenorhabdiris elegans. 1. BioL Chem. 271. 10433
10436.

Waldmann R.. BassiIana F.• de Weille J., Champigny G.• Heurteaux C.•
and Lazdunski M. (l997a) Molecular cloning of a non-inactivat
ing proton-gared Na+- channel specifie for sensory neucons.
J. BioL Chem. 27~ 20975-20978.

Waldmann R.. Champigny G.• Bassilana F.• Heuneaux C.• and Laz
dunslci M. (l997b) A proton-gated cation channel involved in
acid-sensing. Nature 386, 173-177.

J. NeuTOCMm.. Vol. 72. No. /. /999


